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Abstract 


Over  the  last  four  years,  vast  improvements  have  been  made  in  the  area  of  VCSEL 
technology,  moving  them  toward  integration  as  smart  pixels.  VCSEL  design  such  as 
tapered  oxide  apertures,  mirror  doping  schemes,  and  improved  active  regions  have 
benefited  greatly  during  this  time  period.  850-nm  VCSELs  with  strained 
AlInGaAs/AlGaAs  active  layers  were  fabricated  with  current  thresholds  as  low  as  156  A 
from  a  2.8  m  device.  Tapered  apertures  have  been  successfully  integrated  into  980-nm 
devices  for  use  in  ffee-space  optical  links  with  datq.  transmission  at  3  Gbit/s  with  a 
BER°<°10‘12.  Tapered  apertures  as  well  as  improved  doping  schemes  were  used  to 
improve  broad  area  VCSEL  characteristics  and  achieve  slope  efficiencies  of  55  and  58% 
for  devices  of  1.5  A  and  2.5  m  respectively.  And,  for  devices  2-3  m  in  diameter,  wall- 
plug  efficiencies  as  high  as  20%  at  only  150  W  were  obtained.  Finally,  an  easy  to  use 
graphical  user  interface  and  modeling  program  has  been  developed  to  estimate  the  optical 
scattering  losses  in  oxide-defined  VCSELs. 

Subject  terms 

Semiconductor  lasers,  VCSEL,  smart  pixels,  microlens,  ffee-space  interconnects,  tapered 
apertures. 

Introduction 

The  goal  of  this  AFOSR  program  was  to  develop  a  new  generation  of  very  low-power, 
high-speed  devices  and  circuits  for  use  in  ffee-space  interconnect  architectures.  The 
transceivers  used  in  these  ffee-space  links  were  ultralow-threshold,  high-efficiency 
VCSELs  with  integrated  microlenses.  The  VCSELs,  along  with  low-power,  high-speed 
transceiver  circuits,  and  compatible  detector  arrays  form  the  smart  pixel  building  block. 
Wavelength  encoding  of  the  arrays  for  lower  crosstalk,  higher  packing  density  and 
wavelength  routing  was  also  studied. 

Much  of  the  work  on  these  VCSEL-based  smart  pixels  is  included  in  Dr.  Eric  Hegblom’s 
Ph.D.  thesis  which  we  included  as  Appendix  1  to  serve  as  the  detailed  content  of  this 
report.  However,  in  order  to  provide  an  introduction  to  its  contents  we  here  briefly 
summarize  the  material  contained  in  its  various  chapters. 

Thesis  summary 

Chapter  1 

This  chapter  describes  the  key  applications  for  ultralow-threshold,  high-efficiency 
VCSELs  for  use  in  ffee-space  optics.  It  describes  the  evplution  of  VCSELs  ffom  channel 
links  over  multimode  fiber  to  board-to-board  and  ultimately  chip-to-chip  interconnects 
within  computers.  It  also  depicts  the  use  of  VCSELs  as  smart  pixels  for  improved  speed 
in  laser  printing.. 
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Chapter  2 

Chapter  2  describes  the  benefits  of  scaling  VCSELs  to  smaller  sizes.  Proper  scaling  is 
essential  for  ultralow-threshold,  high-efficiency  smart  pixels.  The  chapter  introduces 
methods  for  improved  scaling  by  using  oxide  apertures  to  confine  both  the  current  and 
the  optical  mode. 

Chapter  3 

In  order  to  achieve  ideal  scaling  of  VCSELs,  it  is  necessary  to  improve  the  broad-area 
characteristics  of  VCSELs.  This  chapter  focuses  on  the  design  of  VCSELs,  particularly 
the  design  of  the  mirrors.  It  describes  the  tradeoffs  between  increased  free  carrier 
absorption  loss  and  lower  electrical  resistance,  and  for  the  first  time  derives  the  ideal 
carrier  profile  based  on  the  loss-resistance  product. 

Chapter  4 


Chapter  4  contains  the  bulk  of  the  theoretical  calculations  for  apertured  VCSELs.  The 
calculations  are  intended  to  estimate  the  reduction  of  optical  scattering  losses  due  to 
tapered  apertures.  Figure  1  illustrates  the  concept  of  optical  scattering  losses  at  the  oxide 
aperture. 


•  Parabolic  aperture  (lens)  can  exactly  compensate 
for  diffraction  ->  no  scattering  loss 


Figure  1.  Schematic  of  a  propagating  mode  inside  a  VCSEL  with  an 
abrupt  aperture  and  with  a  tapered  aperture  to  form  a  lens. 
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As  illustrated  in  Figure  1,  when  a  mode  propagates  through  the  structure,  an  abrupt 
aperture  cannot  perfectly  refocus  the  mode.  A  perfect,  parabolic  lens  can  exactly 
compensate  for  the  mode's  diffraction,  however,  making  an  actual  lens  is  not  possible  if 
current  is  to  flow  through  the  aperture. 

An  iterative  approach  was  used  to  solve  for  the  optical  losses  in  the  VCSEL  structure  due 
to  diffraction.  The  results  are  summarized  in  Figure  2.  From  the  figure,  it  is  apparent 
that  thin  apertures  with  tapers  ~1  pm  can  reduce  the  optical  losses  to  negligible  values. 


(a)  (b) 

Figure  2.  Theoretical  results  of  an  iterative  model  for  the  optical  mode  in  a 
VCSEL.  (a)  Scattering  (excess)  loss  versus  mode  radius  for  various 
aperture  shapes  (b)  Schematic  showing  the  aperture  effective  thickness. 


The  chapter  ends  by  explaining  how  ultimately  designs  with  single  apertures  can  not 
confine  the  smallest  of  modes  without  being  limited  by  the  angular  stop-band  of  the  DBR 
mirrors.  An  effective  mirror  length  model  called  the  ray  penetration  depth,  is  introduced 
to  describe  this  effect. 


Chapter  5 

Chapter  5  addresses  the  limit  on  device  scaling  due  to  current  spreading.  Current  spreads 
between  the  aperture  and  the  active  region,  as  illustrated  in  Figure  3a.  This  spreading 
affects  both  the  threshold  current  density  and  the  injection  efficiency  above  threshold. 
The  analysis  of  Chapter  5  quantifies  these  two  effects  with  a  simple  formula  that  can 
easily  be  applied  to  device  designs.  Figure  3b.  shows  measured  threshold  currents  for 
various  device  sizes  and  fits  the  data  to  the  current  spreading  model  developed  in  this 
chapter. 
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Output  Power  (mW) 


(a)  (b) 

Figure  3.  (a)  Current  spreads  between  the  aperture  and  the  active  region 
(b)  Threshold  currents  increase  for  small  sizes  due  to  current  spreading 


Chapter  6 

Chapter  6  summarizes  the  device  results  for  the  fabricated  VCSELs.  Analysis  from 
Chapter  4  directed  device  designs  toward  thin  apertures  or  tapered  apertures  at  a  standing 
wave  null.  With  these  designs,  scattering  losses  have  been  virtually  eliminated,  resulting 
in  record  efficiencies  for  devices  smaller  than  2pm  in  diameter.  Equally  as  important, 
devices  2-3  pm  in  diameter  reached  wall-plug  efficiencies  for  20%  at  only  150pW  of 
output  power.  Figure  4  below,  depicts  these  results. 


Figure  4.  (a)  Light  versus  current  for  devices  <3  pm  differential  efficiencies  are 
labeled  for  each  curve  (b)  Wall-plug  efficiencies  for  devices  1-5  pm  in  diameter 
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Output  Power  (mW) 


Chapter  7 

This  chapter  describes  how  tapered  apertures  are  formed.  The  combination  of  fast  lateral 
oxidation  along  with  slow  vertical  oxidation  in  an  AlGaAs  layer  with  varying  A1 
composition  forms  the  taper.  In  addition,  other  issues  such  as  stress  due  to  the  oxide  and 
re-oxidation  issues  are  discussed. 

Chapter  8 

The  final  chapter  in  this  thesis  provides  some  conclusions  for  the  work  done  in  designing 
and  realizing  ultra-low  threshold,  high-efficiency  VCSELs.  The  chapter  finishes  by 
forecasting  the  major  impact  better  current  and  carrier  confinement  could  have  on  the 
wall-plug  efficiency  at  smaller  sizes  and  examines  the  other  potential  benefits  of  tapered 
apertures. 

Summary  of  Results 

Initially  850-nm  VCSELs  with  strained  AlInGaAs/AlGaAs  active  layers  were  fabricated 
using  thin  (200 A)  oxide  aperture  layers.  Threshold  currents  as  low  as  156pA  were 
measured  from  a  2.8pm  diameter  device.  Additionally,  a  bum-in  study  was  performed 
on  these  VCSELs.  No  observable  degradation  in  device  performance  was  found  after  30 
hours  of  testing  at  a  constant  current  density  of  22kA/cm2  and  a  junction  temperature  of 
140°C.  Figure  5  below  depicts  these  results. 


Figure  5.  (a)  Light  versus  current  plot  for  a  2.8pm  diameter  device  along 
with  the  measured  optical  spectrum  (b)  Light  versus  current  curves  as  a 
function  of  time  during  the  bum-in  study. 

Low-threshold  980-nm  VCSELs  were  then  investigated  for  use  in  free-space  optical 
interconnects  between  boards.  A  VCSEL-based  free-space  optical  link  was  demonstrated 
and  the  alignment  tolerances  for  the  link  where  characterized.  Limitations  due  to  device 
sizes,  interconnect  dimensions,  crosstalk,  and  insertion  loss  levels  were  also  studied.  A 
data  transmission  at  500  Mbit/s  per  channel  with  a  lateral  alignment  tolerance  of  ±  50  pm 
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Insertion  Loss  (dB) 


Lateral  Displacement  (pm)  «*»,«!  p^rnem, 

(a)  (b) 

Figure  6.  (a)  Measured  insertion  loss  and  crosstalk  for  the  free-space  link 
as  a  function  of  lateral  misalignment  for  varied  interconnect  lengths  (b) 

Measured  Bit  Error  Rate  (BER)  for  the  free-space  link  for  various 
received  powers. 

Focus  was  then  placed  on  improving  aperture  design  by  using  tapered  apertures  and 
improving  broad  area  characteristics  by  optimizing  the  mirror  doping.  As  a  result  of 
these  design  improvements,  devices  with  diameters  less  than  1pm  lased  with  output 
powers  greater  than  0.5mW.  Additionally,  devices  of  ~1.5 pm  and  ~2.5pm  diameters 
lased  with  slope  efficiencies  of  55  and  58%  respectively-nearly  equal  to  the  broad  area 
value.  More  importantly,  peak  wall-plug  efficiencies  of  21%  and  27%  were  achieved  for 
the  1.5pm  and  2.5pm  devices.  And,  at  low  output  powers  of  150pW,  wall-plug 
efficiencies  >  20%  were  demonstrated  for  all  devices. 

Finally,  a  user-friendly  Graphical  User  Interface  (GUI)  software  package  that  aids  in 
calculating  the  optical  losses  in  VCSEL  structures  has  been  developed.  The  program  is 
available  for  download  with  the  disclaimer  that  UCSB  be  recognized  with  its  use. 

Future  work 

Although  this  grant  has  officially  ended,  research  is  still  being  conducted  on  these  device 
structures.  Even  though  the  current  is  well  confined  by  placing  the  aperture  at  the  first 
standing  wave  null,  the  carriers  still  diffuse  once  they  enter  the  quantum  wells.  This 
accounts  for  the  majority  of  the  threshold  current  for  diameters  <3  pm.  Schemes  for 
carrier  confinement  such  as  etching  and  regrowth  and  quantum  well  disordering  by 
implantation  and  subsequent  Rapid  Thermal  Annealing  (RTA)  are  currently  underway. 
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With  the  improved  scaling  of  these  devices,  it  is  conceivable  that  even  higher  wall-plug 
efficiencies  can  be  achieved  due  to  the  decrease  in  the  threshold  current. 

Conclusions 

Over  the  span  of  this  grant,  significant  improvements  have  been  made  in  the  design  of 
VCSELs  for  use  as  smart  pixels.  850-nm  VCSELs  with  threshold  currents  as  low  as 
156pA  were  fabricated  using  strained  AlInGaAs/AlGaAs  active  layers.  Improved 
980-nm  VCSELs  were  fabricated  and  used  in  ffee-space  optical  links  yielding 
BER  <  10‘12  at  3  Gbit/s.  Devices  employing  the  use  of  oxide  apertures  and  improved 
mirror  design  demonstrated  slope  efficiencies  as  high  as  58%  and  wall-plug  efficiencies 
as  high  as  27%  for  output  powers  of  150  pW.  Finally,  a  computer  model  for  calculating 
optical  losses  in  oxide-defined  VCSELs  has  been  integrated  with  a  graphical  user 
interface  to  aid  in  the  design  of  VCSELs. 
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Abstract: 

Engineering  Oxide  Apertures  in  Vertical  Cavity  Lasers 
by  Eric  R.  Hegblom 

This  work  focuses  on  analyzing  and  improving  the  performance  of 
smaller  vertical  cavity  lasers  which  employ  transparent,  insulating  apertures 
(commonly  made  by  lateral  etching  or  oxidation)  for  optical  and  current 
confinement. 

Improved  performance  of  smaller  vertical  cavity  lasers  is  important  for 
applications  which  require  arrays  of  vertical  cavity  lasers  operating  at  low 
power  such  as  free-space  optical  interconnections  between  computer  boards  or 
even  computer  chips  or  highly  parallel  laser  printing  schemes.  And  if  properly 
scaled,  smaller  lasers  have  better  characteristics  at  lower  output  powers. 

We  analyze  two  major  barriers  to  shrinking  the  aperture  size:  optical 
scattering  losses  and  current  spreading.  These  analyses  helped  explain  the 
observed  drop  in  efficiency  and  rise  of  threshold  current  density  in  earlier 
oxide  apertured,  small  lasers,  and  directed  changes  in  the  aperture  design  such 
as  tapering  the  oxide  front  for  a  more  lens-like  shape.  In  addition,  these 
analyses  were  reduced  to  simple  formulas  involving  normalized  parameters 
which  can  be  applied  to  a  variety  of  designs. 

We  also  demonstrate  experimentally  the  impact  of  improvements  in 
aperture  design  which  enabled  small,  single-mode,  VCSELs  <2 pm  diameter  to 
reach  record  efficiencies  and  enabled  2-3  pm  diameter  devices  to  reach  power 
conversion  efficiencies  of  20%  at  output  powers  as  low  as  150pW.  And  we 
discuss  how  these  results  can  be  improved  with  carbon  doping  and  better 
tailoring  of  the  doping  profile  to  minimize  resistance  with  the  least  absorptive 
loss. 


Dissertation  Overview  and  Summary  of 
Contributions 


Application  Motivations  and  Background  (Chapter  1) 

Relatively  large  multimode  vertical  cavity  surface  emitting  lasers  (VCSELs) 
are  presently  manufactured  by  several  companies  for  short  distance  (~200m), 
single-channel  data  links  over  multimode  fiber.  However,  in  the  future,  there 
are  opportunities  for  arrays  of  VCSELs  serving  as  the  optical  source  for  denser 
data  links  over  shorter  distances.  As  the  array  size  is  increased  and  VCSEL 
spacing  reduced,  the  requirements  on  VCSEL  performance  become  more 
stringent.  The  application  scale  may  range  from  -10  channel  links  over 
multimode  fiber  to  link  computers  for  high  performance  applications  to  board- 
to-board  or  ultimately  to  chip-to-chip  interconnects  within  computers.  In 
addition,  dense  arrays  may  also  be  desired  to  improve  speed  in  lasers  printers 
where  the  ultimate  limit  would  be  to  have  a  VCSEL  for  every  pixel  across  the 
row  of  a  page.  These  application  areas  and  requirements  are  discussed  further 
in  Chapter  1. 

Applications  like  free-space  optical  interconnects  require  much  less  power  than 
those  over  longer  distances.  To  stay  competitive  with  an  electronic  link  one 
desires  less  than  about  AV2/Z0  -  (0.4)2/50Q=3mW  per  connection  for  the  laser 
itself.  (Previously,  it  appeared  optical  connections  would  have  a  great 
advantage  over  electrical  ones  at  short  distances  from  a  power  consumption 
perspective,  but  lower  voltage  electronics  are  changing  that.)  This  means  that 
it  is  important  to  improve  the  efficiency  of  devices  at  lower  output  powers.  In 
addition  it  is  desired  to  have  single-mode  devices  to  reduce  optical  crosstalk 
between  adjacent  channels  and  modal  competition  noise.  Finally,  one  would 
like  low  voltage  for  compatibility  with  CMOS/BiCMOS  drivers. 
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Benefits  of  Scaling  (Chapter  2) 


This  thesis  aims  to  improve  the  characteristics  of  VCSELs  at  lower  powers  by 
improving  the  scaling  of  the  broad-area  properties  to  small  sizes.  If  the  broad 
area  threshold  current  density  and  slope  efficiency  remain  constant  with  device 
size,  then  smaller  lasers  will  have  higher  wall-plug  efficiency  than  larger  lasers 
despite  the  electrical  resistance  increasing  inversely  with  device  size.  In 
addition,  smaller  lasers  would  require  less  operating  power  for  a  given 
modulation  bandwidth,  and  at  the  operating  point  for  highest  efficiency,  the 
temperature  rise,  and  drive  voltage  would  also  be  lower  in  smaller  lasers 
(assuming  perfect  scaling).  The  benefits  and  barriers  to  ideal  scaling  are 
described  and  quantified  in  Chapter  2. 

Thesis  Focus: 

To  improve  the  scaling  of  device  characteristics,  this  thesis  examines  two  basic 
issues  in  apertured  vertical  cavity  lasers:  optical  confinement  and  current 
confinement  and  demonstrates  improvements  the  to  scaling  using  tapered  Al- 
oxide  apertures  in  980nm  VCSELs  grown  in  the  GaAs/AlGaAs  material 
system.  In  addition,  we  formalize  and  pursue  some  ideas  to  improve  the 
broad-area  device  characteristics. 

Improving  the  broad-area  VCSEL  characteristics  (Chapter  3) 

The  doping  profile  particularly  in  the  mirrors  of  a  vertical  cavity  laser  is  critical 
to  device  performance  for  all  sizes.  And  there  is  always  a  trade  off  between 
increased  free  carrier  absorption  loss  and  lower  electrical  resistance.  In 
Chapter  3,  we  introduce  the  loss-resistance  product  (which  has  been  shown  to 
be  correlated  to  the  wall-plug  efficiency),  and  use  it  for  the  first  time  to  derive 
the  ideal  carrier  profile.  We  then  compare  various  mirror  interface  doping  and 
grading  schemes  to  achieve  this  profile. 

Analysis  of  Optical  Confinement  of  Apertures  (Chapter  4) 

The  lateral  optical  confinement  provided  by  oxide  apertures  in  vertical  cavity 
lasers  is  not  perfect.  Analyzing  the  optical  confinement  and  quantifying  the 
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excess  optical  loss  created  by  the  apertures  is  a  key  contribution  of  this  thesis. 
In  fact,  the  conclusions  and  analysis  in  this  area  have  already  provided 
understanding  and  directed  device  design  here  and  elsewhere.  And  you  may 
have  seen  the  simple  formula  for  the  loss  estimates  in  the  theses  of  Brian 
Thibeault  and  Yuliya  Akulova.  This  analysis  supported  experimental  evidence 
that  the  performance  of  small  (<4pm)  VCSELs  was  limited  by  significant 
excess  optical  losses  in  typical  aperture  designs  at  that  time  and  showed  that 
moving  to  optically  weaker  (thinner)  apertures  would  provide  improvement  as 
Brian  Thibeault  demonstrated.  In  addition,  the  analysis  showed  that  by 
tapering  the  aperture  tip  (which  can  be  done  by  a  combination  of  lateral  and 
vertical  oxidation  as  discussed  in  Chapter  7)  could  provide  even  further 
reduction  of  excess  loss,  but  ultimately  designs  with  single  apertures  could  not 
confine  the  smallest  of  modes  without  being  limited  by  the  angular  stop-band 
of  the  DBR  mirrors.  At  the  end  of  Chapter  4,  we  introduce  another  effective 
mirror  length,  the  ray  penetration  depth,  to  describe  this  effect. 

Current  Confinement  Analysis  (Chapter  5) 

Current  can  spread  between  the  aperture  and  the  active  region.  This  spreading 
can  effect  both  the  threshold  current  and  the  injection  efficiency  above 
threshold.  The  analysis  of  Chapter  5  quantifies  these  two  effects  with  simple 
formulae  that  can  be  easily  applied  to  device  designs.  The  key  conclusions 
provided  by  this  analysis  are  that  current  spreading  can  be  a  far  greater 
contribution  to  threshold  than  lateral  carrier  diffusion  and  that  current 
spreading  does  little  to  lower  the  injection  efficiency  above  threshold.  These 
points  were  key  to  understanding  the  device  performance  of  VCSELs  made  by 
Thibeault  and  Margalit  and  the  devices  in  this  work  and  you  may  have  already 
seen  that  analysis  applied  in  their  theses  or  in  the  thesis  of  Yuliya  Akulova. 

Device  Results  (Chapter  6) 

The  analysis  of  optical  scattering  losses  and  of  current  confinement  directed 
device  designs  towards  the  use  of  thin  or  tapered  apertures  positioned  at  the 
standing  wave  null  closest  to  the  active  region.  With  such  modifications,  we 
fabricated  devices  that  benefited  from  the  improvements  in  scaling  of  broad 
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area  characteristics.  Lowering  of  scattering  loss  has  enabled  record 
efficiencies  for  devices  <2pm  diameter.  Equally  important,  2-3|im  diameter 
devices  reach  a  wall-plug  efficiency  of  20%  at  only  150pW  output  power.  The 
peak  efficiency  is  higher,  but  the  important  result  is  being  able  to  reduce  the 
total  operating  power  as  desired  for  the  shortest  distance  interconnect 
applications.  We  should  note  that  with  carbon  doped  VCSELs,  researchers  at 
Sandia  Labs  and  the  University  of  Ulm  have  achieved  high  wall-plug 
efficiencies  of  50%  and  57%  at  output  powers  of  l.3mW  and  3.3mW, 
respectively.  But  these  have  been  in  larger  7pm  and  5pm  diameter  devices  and 
the  improvements  being  touted  here  are  for  smaller,  single-mode  (as  desired 
for  free-space  optical  interconnects)  devices  at  lower  powers  where  the  scaling 
issues  are  much  more  important  and  the  efficiency  of  the  devices  in  this  work 
represent  state  of  the  art  results  for  that  low  an  output  power  and  small  a  size. 
Only  one  other  VCSEL  (the  7pm  Sandia  hero  device)  has  achieved  an 
efficiency  of  20%  at  150pW. 

After  describing  the  major  device  results,  we  also  compare  experimental  data 
to  other  structures  to  quantify  how  much  the  optical  and  current  confinement 
benefited  by  the  design  changes.  The  best  results  were  obtained  in  Be  doped 
devices,  but  we  expect  to  do  even  better  with  the  use  of  a  more  controlled  p 
dopant,  like  carbon.  And  the  effort  to  use  carbon  as  a  p-dopant  is  described  in 
Appendix  A. 

Wet  Thermal  Oxidation:  Tapered  Apertures  and  Related  Issues 
(Chapter  7) 

An  original  demonstration  in  this  work  (with  some  credit  due  to  Brian 
Thibeault,  Ryan  Naone  and  Larry  Coldren)  is  the  formation  of  tapered  oxide 
apertures  through  a  combination  of  fast  lateral  and  slow  vertical  oxidation  in  an 
AlGaAs  layer  with  a  varying  A1  composition.  Chapter  7  shows  how  changes 
in  the  layer  structure  affect  the  taper  shape.  In  addition,  other  issues  such  as 
stress  in  the  oxide  and  re-oxidation  are  discussed. 
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Conclusions  and  Outlook  (Chapter  9) 

The  major  contributions  of  this  work  are  the  theoretical  analysis  and  laboratory 
realization  of  VCSELs  with  lower  parasitic  optical  and  current  losses.  We 
look  beyond  the  results  achieved  to  forecast  the  major  impact  better  current 
and  carrier  confinement  could  have  on  the  wall-plug  efficiency  at  smaller  sizes 
and  examine  other  potential  benefits  of  tapered  apertures. 

MBE  Growth  with  solid  source  Carbon  doping  (Appendix  A) 

For  improved  VCSEL  performance,  a  p-dopant  like  carbon  is  preferable  to  Be 
which  moves  during  growth  and  does  not  incorporate  well  into  high  aluminum 
content  layers.  Previous  efforts  at  UCSB  by  Matt  Peters  using  a  graphite 
filament  source  installed  in  an  MBE  system  here  showed  the  carbon  doped 
layers  tended  to  roughen  during  growth  (though  such  roughness  has  not  been 
reported  with  gas  source  carbon  doping).  But  after  some  effort,  we  found  the 
proper  conditions  (a  higher  substrate  temperature~650°C)  necessary  to  correct 
this  problem.  While  the  performance  frontier  was  not  pushed  further  for 
980nm  VCSELs  (as  this  appendix  discusses),  the  mirror  material  was  still  good 
enough  to  offer  the  low  resistance  and  low  loss  necessary  for  the  1.55pm  fused 
VCSEL  researchers  (Alexis  Black  et  al.)  to  achieve  record  high  temperature 
(70°C)  CW  lasing  in  their  devices.  Possibly  performance  could  be  pushed 
further  at  980nm  even  using  the  filament  source. 

Theoretical  Odds  and  Ends  (Appendix  B) 

This  section  contains  some  handy  graphs  like  confinement  factor  and  mode 
radius  vs.  V  number  and  derives  modifications  to  the  expression  for  mirror 
length  when  there  are  extra  spacers  or  grading  in  the  DBR.  In  addition,  a 
generalized  form  of  the  optical  efficiency  is  given  which  is  useful  when  writing 
a  transmission  matrix  program.  But  a  majority  of  this  appendix  is  spent 
deriving  the  mathematical  difference  between  periodic  and  uniform 
waveguiding  under  the  Fresnel  approximation. 


Layer  Specifications  (Appendix  C) 

The  actual  MBE  growth  program  for  the  1st  Null  VCSELs  is  provided. 
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Chapter  1 : 

VCSEL  Applications 


Overview: 

Over  the  past  decade  vertical  cavity  lasers  have  matured  from  a  laboratory 
fascination  to  a  wafer-scale  manufactured  product.  Even  just  a  few  years  ago 
(1994),  people  still  wondered  if  VCSELs  would  ever  be  mass  produced  instead 
of  in-plane  lasers.  But  today  several  companies  are  selling  either  individual 
Vertical  Cavity  Surface  Emitting  lasers  (VCSELs)  or  selling  modules  for  data 
links  which  use  VCSELs.  The  most  common  application  for  the  VCSELs  is 
gigabit  Ethemetand  Fibre  channel  link  modules.  Presently,  total  sales  are  on 
the  order  of  over  a  million  devices  per  year!  VCSELs  are  definitely  here  to 
stay,  but  how  will  they  change  in  the  future?  What  new  requirements  will  be 
placed  upon  the  devices?  What  should  be  improved  about  them  today?  Where 
is  this  thesis  relevant? 

In  the  future,  VCSELs  may  be  used  for  other  applications  like  high 
performance  interconnects  for  parallel  computing  or  in  phone  switching 
centers,  or  at  smaller  scales  such  as  chip-to-chip  interconnects  within 
computers,  laser  printing  and  possibly  in  digital  video  disks  (or  other  optical 
storage  applications)  with  red  or  possibly,  with  (who  knows?)  blue  VCSELs. 
In  addition,  many  improvements  may  be  made  to  VCSELs  for  the  existing 
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data-link  applications  such  as  using  wavelength  division  multiplexing,  making 
modules  with  arrays  of  VCSELs,  employing  oxide  apertured  VCSELs,  and 
manufacturing  VCSELs  which  operate  at  1.3  or  1.55pm.  And  beyond  that 
VCSELs  may  start  being  integrated  monolithically  with  other  components  like 
photodetectors  (either  for  two-way  communication  or  as  a  monitor  for  the 
output  power),  or  less  likely,  with  transistors.  Pursuing  these  various 
developments  will  keep  the  VCSEL  community  well  employed  over  the  next 
few  years. 

VCSELs  have  a  number  of  advantages  touted  over  the  years  namely:  a  circular 
beam  which  is  easy  to  couple  to  fiber,  low  power  consumption  even  at 
relatively  high  modulation  speeds,  compatibility  with  LED  manufacturing.  In 
addition,  the  various  attributes  (like  resistance,  mode-size,  number  of  modes, 
efficiency  at  lower  powers)  change  with  device  size  and  with  our  ability  to 
circumvent  parasitics.  As  will  be  discussed  further  in  the  next  chapter,  the 
removal  of  parasitics  mean  that  smaller  VCSELs  can  provide  higher  power 
conversion  efficiency  at  lower  output  power  and  higher  modulation  speed  at 
lower  operating  powers.  Furthermore,  with  proper  scaling,  smaller  VCSELs 
are  able  to  reach  a  higher  output  power  density  than  larger  ones  which  also 
implies  that  properly  scaled  smaller  VCSELs  will  have  a  higher  maximum 
modulation  bandwidth.  Unfortunately,  shrinking  the  VCSEL  size  also  means 
higher  electrical  resistance  (although  the  scaling  is  better  for  apertured  devices) 
and  this  is  a  limiting  factor  if  one  wants  to  match  to  low  impedance 
transmission  lines  running  to  the  device. 

In  the  following  sections  we  will  examine  the  various  requirements  on 
VCSELs  demanded  by  both  data  link  applications  (for  LANs,  chip-to-chip 
interconnects)  and  printing  (where  an  electrical  alternative  is  not  a  competitive 
solution).  We  will  comment  on  device  designs  to  meet  those  requirements  and 
also  examine  where  improved  scaling  of  VCSELs  will  impact  system 
performance  in  order  to  motivate  that  key  objective  of  this  thesis. 

Optical  Interconnect  Regimes: 

Before  discussing  the  specifics  about  VCSEL  interconnect  applications  let  us 
examine  the  regimes  where  optical  interconnects  are  competitive  with 
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electrical  interconnects  based  upon  the  limit  of  the  transmission  medium.  In 
this  section,  we  are  not  considering  what  power  or  current  is  needed  to  send  a 
signal  in  absence  of  electrical  transmission  losses.  Such  an  issue  becomes 
important  for  very  short  distance  interconnects  as  we  will  discuss  in  that 
subsequent  section. 

The  traditional  argument  for  the  use  of  optical  communication  rather  than 
electrical  is  the  is  attenuation  of  electrical  media  (coaxial  cable)  at  high 
frequencies  and  long  distances.  Over  shorter  distances  one  would  expect  loss 
by  the  transmission  medium  to  become  less  of  an  issue.  This  is  roughly  true, 
but  packaging  constraints  which  force  much  more  closely  spaced  lines  increase 
the  attenuation.  The  limit  is  still  difficult  to  beat  at  very  short  (~cm)  distances, 
but  there  are  other  interconnect  opportunities  using  closely  spaced  (~200|im) 
VCSELs  operating  at  >  Gbit/sec  speeds  over  several  meter  lengths. 

A  metal  transmission  line  is  limited  by  losses  of  the  metal  (skin  effect  losses) 
and  radiation  losses.  Let  us  consider  here  these  limits  from  a  microstrip 
transmission  line  as  shown  in  Figure  1-1.  Although  such  a  geometry  is  not 
used  over  all  length  scales,  it  provides  an  excellent  estimation  to  understand 
the  limitations  to  within  an  order  of  magnitude.  The  same  limitations 
discussed  still  exist  for  other  transmission  line  shapes  but  values  will  not 
change  dramatically  assuming  appropriate  scaling  dimensions  are  chosen. 

Skin  Effect  Losses 

Using  the  expression  for  skin-effect  loss  in  a  microstrip  line  given  in  [1]  and 
assuming  a  few  ordinary  parameters  (namely  effective  width,  weff,  =  height 
and  impedance  of  50Q,  a  copper  thickness  of  2pm),  we  find  the  frequency  for 
the  transmission  to  attenuate  the  signal  by  3dB  is, 

Weff 
0.5  mm 

As  expected,  this  loss  is  not  significant  at  1GHz  until  a  0.5mm  wide  line  is 
over  a  meter  long  which  is  beyond  the  regime  that  free-space  optical 
interconnects  might  compete;  but  we  still  need  to  consider  radiation  loss, 
crosstalk  and  most  importantly,  interconnect  density.  And  other  switching 


AaLi 


5GHz-nU 


Microstrip  Line 


Figure  1-1:  A  Microstrip  line.  As  the  line  is  scaled  to  small  size  to 
avoid  radiation  loss  or  for  packaging  reasons,  skin  effect 
losses  increase 
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Radiation  Losses 

So  what  about  radiation  losses?  These  do  not  happen  to  be  the  limit  in  the 
above  example,  but  significant  coupling  to  spurious  modes  occurs  around  a 
frequency  of  [2] 

/RAO-50GHZ-mm/h  (1'2) 

using  a  typical  s=3.8.  Thus,  to  avoid  radiation  losses  it  is  necessary  to  scale 
the  transmission  line  dimensions  down  as  the  frequency  increases.  Consider 
that  we  pick  h  so  that  /rad  is  five  times  the  operating  frequency,  and  scale 


Allowing  for  the  maximum  height  and  width  to  avoid  radiation  losses,  means  it 
now  takes  ~50m  long  transmission  line  for  a  3dB  attenuation  at  1GHz. 
However,  that  transmission  line  is  now  1cm  high  and  wide!  Radiation  losses 
do  force  the  designer  to  scale  the  size  of  the  line,  but  more  likely  packaging 
considerations  will  force  the  use  of  smaller  lines  (in  which  case  radiation  losses 
will  be  even  less  of  a  concern). 

Crosstalk 

We  should  also  mention  here  that  increasing  cross-talk  (which  is  obviously 
related  to  radiation  losses)  can  be  avoided  if  the  height  of  the  line,  h,  is  scaled 
with  the  interconnect  spacing.  Then  the  amount  of  coupling  between  two  lines 
will  just  depend  on,  UK  the  physical  length  over  the  wavelength.  For  a 
separation  between  microstrip  lines  on  GaAs  equal  to  3  h,  the  coupling  between 
them  is  <-20dB  for  lines  about  2/3  the  wavelength[3].  Thus,  the  coupling  is 
avoidable  at  GHz  speeds  over  distances  <  lm,  but  over  tens  of  meters  (at 
1GHz)  crosstalk  begins  to  dictate  design  changes  (greater  lateral  spacing  or  use 
of  a  coaxial  geometry). 

2-D  and  3-D  Packaging  Limitations 

Let  us  consider  scaling  the  effective  width  (and  also  height)  for  much  more 
densely  packed  transmission  lines  as  might  be  desired  if  there  are  many 
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interconnects  over  a  short  length.  These  interconnects  need  not  only  be 
arrayed  laterally.  They  may  stacked  vertically.  (Or  they  may  be  tipped  up  so 
that  they  send  a  signal  vertically  from  a  board.  We  will  not  limit  ourselves  to 
what  packaging  may  be  possible.  We  will  just  assume  that  somehow  the 
transmission  lines  can  be  fabricated.)  Essentially,  what  this  analysis  means  is 
that  the  electrical  limit  due  to  attenuation  should  not  be  thought  of  as  just  as  a 
length  limit  for  a  given  frequency,  but  as  a  length  limit  at  a  given  frequency 
and  interconnect  density,  ph  the  number  transmission  lines/cm2  crossing  a 
planar  boundary  or  equivalently  the  interconnect  spacing  (both  laterally  and 
vertically).  Figure  1-2  plots  the  boundary  given  by  Eq.  (l-l)  for  different  -3dB 
frequencies  (i.e.  for  a  given  frequency  and  interconnect  spacing,  the  length  of 
line  is  calculated  that  would  have  3dB  attenuation).  One  can  leam  a  lot  from 
this  plot;  so  let  us  look  at  the  different  regimes.  First,  lets  look  at  interconnect 
lengths  ~102  meters  long  and  interconnect  spacing  on  the  order  of  centimeters. 
We  see  that  this  clearly  lies  in  the  “optics”  region  of  the  plot.  This  is  where 
optical  solutions  for  gigabit  ethemet(GE)  are  competing.  For  an  optical 
solution  to  be  competitive  with  an  electronic  one  over  shorter  distances,  it  must 
be  able  to  packaged  into  a  smaller  form  factor  (interconnect  spacing).  If  we 
scale  down  to  a  1cm  length,  then  the  3dB  limit  at  1GHz  occurs  at  an 
interconnect  spacing  of  ~30pm.  Beating  this  limit  with  optics  is  still 
challenging  because  VCSELs  communicating  through  ffee-space  at  a  GHz 
speed  on  a  30|im  pitch  over  a  centimeter  is  a  probably  not  possible  without 
WDM  techniques  to  avoid  crosstalk.  But  other  limit  to  consider  for  these  links 
is  the  switching  power  and  drive  current  to  send  a  signal  in  absence  of  these 
skin  effect  losses. 

But  we  do  not  have  to  try  to  scale  the  interconnect  length  to  lcm.  What  Figure 
1-2  shows  is  that  there  is  a  different  opportunity  for  VCSELs  spaced  -200- 
500|im  (compatible  with  fiber  ribbon  cable)  which  can  send  data  at  faster  than 
1  Gbit/sec  over  lengths  longer  than  1  meter.  Such  an  application  is  indicated  by 
the  POFI1  (Parallel  Optical  Fiber  Interconnects)  label  and  will  be  discussed  in 
the  VCSELs  for  HIPPIs  section. 


1  I  don’t  intend  to  keep  using  the  acronym;  it  just  fit  easily  on  the  plot 
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With  some  idea  of  where  these  various  optical  interconnect  regimes  lie  in 
comparison  to  the  loss  limitations  from  metal  interconnects,  let  us  proceed  to 
examine  the  specific  applications. 


Figure  1-2:  Attenuation  limit  from  a  microstrip  transmission  line  due 
to  skin  effect  losses  which  are  dependent  upon  both  the  length 
of  the  line,  the  line  density  and  the  frequency.  The  limit 
approximately  defines  a  dividing  line  where  an  optical 
interconnect  could  compete  with  an  electrical  interconnect. 

The  blobs  indicate  the  typical  density  and  interconnection 
length  of  three  different  links.  FSOI  (Free-Space  Optical 
Interconnects)  have  a  difficult  time  competing  with  metallic 
interconnects  purely  on  the  bases  of  skin-effect  losses  -  unless 
the  interconnect  density  can  be  increased  or  a  channel  can 
operate  over  10GHz.  GE  (Gigabit  Ethernet)  is  already  in  a 
regime  where  fiber-based  links  have  advantage  over  metal, 
and  in  the  future,  closely  spaced  POFI  (Parallel  Optical  Fiber 
Interconnects)  have  a  clear  opportunity  to  compete  with  metal- 
based  interconnects.  Not  shown  on  the  chart  are  the  km 
distances  where  X=1.3|im  and  1.55pm  laser  based  links  have 
historically  been  preferred  to  coaxial  cable  at  Gbit/sec  speeds. 
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VCSELs  for  LANs 

(Single  channel,  ~1 0-1 00m 

interconnects) 

From  the  previous  discussion,  the  need  for  an  optical-based  interconnect 
operating  at  Gbit/s  over  distances  of  100m  is  clear.  (See  Figure  1-2  again). 
And  as  mentioned  this  is  the  largest  present  application  for  VCSELs.  In  this 
high  volume  market,  cost  of  manufacture  is  very  important.  Hence,  the  laser  is 
used  in  conjunction  with  easy  to  couple  to  multimode  fiber.  Another  major 
cost  reduction  comes  from  the  ability  to  test  and  package  VCSELs  in  a  manner 
similar  to  the  well  developed  (i.e.  low  cost)  techniques  used  for  LEDs.  Such 
techniques  could  not  be  used  for  in-plane  lasers.  Furthermore,  multimode 
VCSELs  have  a  denser  modal  spectrum  (from  transverse  modes)  than  in-plane 
lasers  do  (from  longitudinal  modes).  The  larger  number  of  modes  reduces  the 
speckle  patterns  and  consequently  the  higher  bit  error  rate  produced  by 
interference  of  modes  at  junctions[4],  CD  lasers  also  have  reduced  speckle 
because  they  are  designed  to  be  self-pulsating  and  they  are  cheap  (~$0.5  in 
volume).  However,  commercial  CD  lasers  have  been  found  to  be  less  reliable 
than  VCSELs.  (Although  IBM  has  gone  to  great  lengths  to  find  techniques  for 
fishing  out  reliable  ones[5].) 

The  standard  for  gigabit  Ethemet[6]  specifies  two  different  operating  ranges  of 
wavelengths:  770-860nm  and  1270-1 3 55nm.  Although  at  980nm,  fibers  have 
lower  attenuation,  the  standard  was  written  when  850nm  VCSELs  were  more 
mature  in  industry  and  was  written  to  allow  780nm  CD  lasers  to  compete  with 
850nm  VCSELs[7].  The  minimum  length  specified  for  a  link  around 
/.=0.8pm  is  220m  using  62.5pm  diameter  fiber  and  500m  using  50pm 
diameter  fiber.  For  wavelengths  around  1.3pm,  the  specification  is  550m  at 
both  fiber  sizes.  It  is  also  interesting  to  note  the  standard  specifies  the 
minimum  length  for  a  copper  1 .25  Gbit/s  interconnect  to  be  only  25m,  which  is 
in  rough  agreement  with  Figure  1-2. 
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The  standard  also  makes  other  specifications  about  the  laser  characteristics. 
Besides  an  operating  speed  of  1.25Gbits/s  within  a  specified  eye-opening,  the 
0.8|um  sources  must  be  eye  safe  (i.e.  power  in  the  fiber  <~400|iW)  and  an 
extinction  ratio  of  9dB  which  means  a  low  state  of  ~50|rW  in  the  fiber.  This 
relatively  low,  low  state  means  that  the  system  design  must  be  able  to  tolerate 
changes  in  threshold  which  can  raise  the  low-state.  In  addition,  the  laser 
should  launch  light  into  the  both  the  radial  and  azimuthal  modes  of  the 
multimode  fiber  which  means  that  one  needs  a  laser  beam  to  be  more  divergent 
than  the  numerical  aperture  of  the  fiber  and  laser  should  probably  be  off- 
centered  from  the  fiber  (or  perhaps  the  laser  should  even  launch  a  donut-shaped 
mode[8]) 


Typical  power  consumption  for  the  whole  transceiver  unit  is  ~800mW[9], 
which  means  the  laser  power  dissipation  is  of  less  concern  than  (as  we  will 
discuss)  for  free-space  optical  links.  However,  the  operating  voltages  need  to 
be  under  ~3volts  for  compatibility  with  5V  emitter  coupled  logic  (ECL)  and 
under  2  volt  in  the  future  for  compatibility  with  3.3V  positive  emitter  coupled 
logic  (PECL)  drivers. [10]  Depending  on  the  packaging  one  may  need  to  worry 
about  impedance  matching  to  the  laser,  and  desire  a  dynamic  resistance  ~50Q. 
The  following  table  adapted  from  [10]  summarizes  the  requirements: 


Data  Rata 

1.25  Gbit/sec 

Laser  Electrical  Power 

<~20-30mW 

Peak  Optical  Power 

-7-1  OmW 

Dynamic  Resistance 

<~5on 

Drive  Voltage  at  operating 

power 

<2  volts  (3.3V-PECL),  <3V  (5V-ECL) 

Threshold 

<6mA 

Modal  Characteristics 

very  multimode 

Table  1-1:  Desired  Characteristics  for  VCSELs  used  in  commercial 


single  channel  links  [10] 


The  requirements  are  not  too  stringent  for  VCSELs  in  single-channel.  Gbit/sec 
links  and  this  tolerance  has  facilitated  their  manufacture,  but  is  improved 
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15  mT  d“SeftU,in  thiS  ^  TyPiCally’  **  VCSELs  «>*  application 
are  15-30nm  diameter  proton  implanted  structures  h»t  , 

rS5 l0SS  °xide  aPertures  all™s  slightly  smaller  multimode  VCSELs°  that 

modi  ZtZ  3  Plmar  8eometr5'-  °*ide  apertures  will  allow  beter 
modal  stability  by  providing  optical  confinement  without  needing  The™! 

r!3-  forTxZ|TrentS  T  ”°‘  Cri'iCa1,  bW  aU°W  S°me  t0,eran«s  <°  * 

e toed  for  example  it  is  much  easier  to  reach  the  threshold  requirement  with 
ide  apertures  than  with  proton  implantation. 

VCSELs  for  HIPPls 

(1-0  Arrays,  ~1-100m  interconnects) 

Although  the  nineteen  sixties  counterculture  showed  little  interest  in  vertical 
cavity  lasers,  today  High  Perfomance  Parallel  Interconnects  (HIPPls)  are 
demand, „g  an  opt, cal  solution.  Looking  back  a.  Figure  1-2  we  see  sZ 
arallel  Optical  Fiber  interconnects  (POFIs)  fall  in  the  about  the  same  distance 
or  ess  than  Gtgabi,  Ethernet,  bu,  have  a  smaller  interconnect  spaZg  ,IZd 
emg  used  as  a  network  backbone,  these  links  am  a  backbone  for  processor 
to  processor  connections.  I,  sounds  similar,  bu,  in  the  second  case  I  ZTe 
computing  task  is  demanding  bandwidth  rather  than  a  bunch  of  multiplexed 

Zr''5;  T*  PreSen'  HIm  iS  f°r  «  400  and  800Mb  ! 

.mplemented  over  copper.  Bu,  foe  proposed  optical  H1PP1-6400  standZIl 

centiaToff^011^  ^  men,ion  ,hat  Aching  inside  metropolitan  area 

central  offices  sometimes  need  to  operate  over  larger  distances  due  to  space 

considerations  in  foe  building.  Here  a  bandwidth  around  1  OGbit/s  over  meters 
to  tens  of  meters  is  likely  to  be  needed.[l  1]. 

One  can  imagine  satisfying  these  shon-distance  high  bandwidth  applications 

eZZ  cZI^' T1  “  00  aV°id  «"  ^P'exin/ZuiZ 

Elecmcal  complexity  and  packaging  considerations  dictate  some  trade-off  md 
m  either  case  one  would  like  to  keep  a  small  form  factor.  The  size  oi  foe 

ZtaZlT  ^  detri”eS  U'e  “  COndUC' heat  8iven  <**  has  a 

een  foe  package  and  foe  room  temperature  in  order  that  foe 


11 


Chapter  1:  VCSEL  Applications 

package  is  not  too  hot  to  touch.  The  thermal  requirements  for  a  single  fiber 
channel  still  allow  in-plane  lasers  to  satisfy  the  requirements,  but  the  thermal 
requirements  for  arrays  and  their  circuitry  are  a  factor  N  more  stringent  (N 
being  the  number  of  channels)  and  designers  in  the  real  world  are  forced  to  use 
devices  which  have  higher  wall-plug  efficiency  at  lower  output  power: 
VCSELs[l  1]. 

For  array  applications,  eye  safety  issues  naturally  force  a  lower  operating 
power  per  laser  -  assuming  one  does  not  build  in  feedback  to  shut  off  the  laser. 
For  an  array  of  ten  830nm  VCSELs  coupled  into  ten  fibers  this  means  an 
maximum  power  of  ~100pW  in  each  fiber.  Note  this  number  is  not  one  tenth 
of  the  single  channel  eye  safe  power  of  ~400pW  because  an  array  of  fibers 
cannot  be  focused  to  one  spot.  However,  if  one  used  an  array  of  VCSELs 
operating  at  slightly  different  wavelengths  coupled  into  one  fiber  then  the 
maximum  coupled  power  per  laser  is  40pW.  [12] 

Given  the  advantages  of  VCSELs  at  lower  operating  power,  several  companies 
are  working  on  interconnects  with  arrays  of  VCSELs  including  Gore[ll], 
Siemens[13],  NTT[14],  Honeywell[15],and  Hewlett-Packard[16].  One 
example  of  a  twelve  channel  link  module  is  shown  in  Figure  1-3. 

To  satisfy  the  requirement  of  higher  efficiency  and  lower  current  at  lower 
output  power,  not  only  are  VCSELs  preferable  to  in-plane  lasers,  but  oxide 
confined  VCSELs  are  preferable  to  proton-implanted  VCSELs.  In  fact,  the  HP 
PONI  module  uses  oxide  confined  VCSELs  with  I-rH~2mA[16]. 
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Module 
Housing  ^ 


CMOS 
Network 
Interface 
IC 


MT 

Connector 


POSA  with 
VCSEL/PIN 
Arrays 


Figure  1-3:  An  example  of  a  parallel  link  module  made  by  Hewlett 
Packard  using  flexible  transmission  lines  to  connect  the 
electronics  with  the  VCSEL/PIN  arrays  (taken  from  [16]) 

Table  1-2  summarizes  some  estimate  of  the  desired  characteristics  for  arrays. 
Unfortunately,  the  variation  in  channel  spacing,  variations  in  VCSEL 
packaging  and  industry  confidentiality  make  it  difficult  to  predict  the  exact 
specifications  needed.  Probably,  at  this  point  module  design  is  more  driven  by 
what  an  optimized  multimode  VCSEL  can  do  rather  than  the  other  way  around. 


Presently,  the  market  is  very  cost  driven  towards  multimode  fiber,  but  if 
cheaper  connections  to  dense  arrays  of  single-mode  fiber  or  waveguides 
become  available  in  the  future,  then  this  application  may  require  single  mode 
VCSELs.  In  which  case,  improvements  to  optical  confinement  in  smaller 
VCSELs  become  more  important.  Nevertheless,  improvements  to  the  current 
confinement  even  for  moderately  sized  8-1 5pm  VCSELs  is  desired  and  proper 
oxide  aperture  and  doping  design  has  a  role  in  this  area  (as  will  be  discussed  in 
Chapter  2).  Note  again  low  dynamic  resistance  is  important  if  transmission 
lines  are  used  to  transmit  signals  to  the  lasers.  But  this  requirement  could  be 
relaxed  as  the  VCSEL  is  brought  closer  to  the  circuit  (for  example  using  flip- 
chip  bonding). 
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Lastly,  for  reduced  package  size  it  is  desirable  to  use  integrated  arrays  of 
detectors  and  lasers,  if  crosstalk  requirements  can  be  satisfied. 


Data  Rata 

1-2  Gbit/sec 

Laser  Electrical  Power/Channel 

<10mW  (?) 

Peak  Optical  Power 

-5mW  (?) 

Dynamic  Resistance 

<~50Q 

(assuming  no  flip-chip 
bonding) 

Drive  Voltage  at  operating  power 

<2  volts 

Threshold 

<3mA 

Modal  Characteristics 

very  multimode 

(or  possibly  single  mode) 

Table  1-2:  Desired  Characteristics  for  VCSELs  used  in  parallel  optical 
fiber  links 

VCSELs  within  computers 
(2-D  arrays,  <1m  Interconnects) 

A  more  distant  application  area  for  VCSELs  is  interconnecting  nodes  on  a  chip 
or  between  chips  within  computers.  Such  high-speed  connections  are  needed 
to  talk  to  other  co-processors  or  memory  (though  memory  is  a  bit  slower  than 
another  processor)  or,  more  generally,  to  carry  data  within  a  dense  electrical 
switching  architecture.  Here  two  major  issues  to  address  are  (1)  the  extra 
power  consumption  and  current  distribution  to  drive  bonding  pads  and  high 
speed  transmission  lines  and  (2)  packaging  considerations  necessary  to  achieve 
the  desired  interconnect  density. 

We  will  discuss  both  these  issues  for  electrical  interconnects  and  then  discuss 
the  optical  interconnect  alternatives  which  can  be  modulator  based  or  source 
based.  Finally,  we  will  use  the  performance  criteria  to  motivate  improvements 
to  smaller  VCSELs. 
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Optical  vs.  Electronic  links  inside  computers 

From  a  power  consumption  point  of  view,  there  are  two  issues  to  deal  with  for 
an  interconnect:  the  power  lost  during  transmission  and  the  switching  power 
necessary  even  if  no  power  is  lost  during  transmission.  The  first  issue  we  have 
discussed  in  the  case  of  transmission  lines  in  the  previous  section,  but  we  will 
look  briefly  at  this  issue  from  a  lumped  element  point  of  view.  The  analysis  of 
the  second  issue  (switching  power)  shows  that  is  it  very  significant  -  using  the 
3-5V  drive  voltages  of  the  ‘80s  and  ‘90s,  but  lower  signal  voltages  in  the 
twenty  first  century  present  tough  competition  for  an  optical  interconnect 
solution  based  upon  power  considerations.  The  conclusion  drawn  is  that 
within  a  computer  the  power  consumption  per  interconnect  (excluding  drive 
circuitry)  should  be  well  under  a  1  mW  in  order  to  compete  with  an  electronic 
alternative  from  a  power  consumption  perspective.  The  following  discussion 
draws  upon  the  rudiments  of  an  older  reference  [17],  some  of  my  own 
contemplation,  a  brief,  but  enlightening  discussion  with  Professor  Mark 
Rodwell,  and  a  very  helpful  reference  [18].  Another  good  discussion  is  in  [19]. 


Electrical  transmission  medium  losses  (small  compared  to  switching  power) 


There  are  two  ways  to  look  at  the  loss  of  an  electrical  interconnect:  as  a  lumped 
element  on  chip  or  as  a  transmission  line  between  chips.  When  driving  a  metal 
line  on  a  chip,  one  encounters  the  typical  RC  limit  which  at  high  enough 
frequency  sets  a  maximum  bit  rate.  For  a  simple  parallel  plate  capacitor  strip 
line,  the  time  constant,  t,  is  independent  of  the  line  width  (if  fringing  fields  are 
ignored) 


r  =  RC 


■m 


L2  =  (RshCl  )l? 


(1-4) 


where  p  is  the  resistivity  of  the  metal,  t  is  the  thickness  of  the  metal,  e  is  the 
dielectric  constant,  d  is  the  distance  between  the  interconnect  line  and  the 
ground  plane,  and  L  is  the  length  of  the  interconnect.  Based  on  some  typical 
interconnect  values  in  VLSI  [20]:  a  1.2pm  thick  A1  (metal2)  interconnect  layer 
with  0.05  Q-pm  resistivity  and  even  a  somewhat  pessimistic  capacitance  per 
area  of  50  attofarad/pm2  one  obtains  a  3dB-frequency  roll  off  of 
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r  1  76  GHz -mm2  n  ^ 

L2  •  U< ’ 

Such  a  parasitic  limit  becomes  significant  (<lGHz)  only  for  on-chip 
interconnect  lengths  ~lcm.  However,  the  analysis  ignores  any  inductance 
which  actually  helps  counteract  the  capacitive  parasitic  (since  an  inductor's 
impedance  increases  with  frequency)  and  the  true  distributed  rather  than 
lumped  element  nature  of  the  problem  when  L  approaches  X.  Ultimately,  one 
has  to  consider  a  many  inductors  and  capacitors  in  a  row,  namely,  a 
transmission  line  which  is  the  limit  that  we  discussed  in  the  previous  section. 
In  that  case,  the  attenuation  limit  from  skin  effect  losses  is  not  significant  at  the 
interconnect  density  that  an  optical  solution  presently  might  provide. 

Switching  Power  (in  the  absence  of  losses  from  the  transmission  medium) 

Even  with  perfectly  conducting  interconnect  lines,  there  is  still  power  required 
to  charge  and  power  lost  discharging  them  in  order  to  send  signals  (due  to  the 
source  and  load  resistance).  For  the  case  of  a  line  with  capacitance,  C,  the 
power  dissipated  is  energy  to  charge  plus  discharge  the  capacitor  times  the 
frequency,/ 

?  =  C(AF)2/  (1-6) 

where  AF  is  the  voltage  swing.  For  the  example  of  the  on-chip  line  with 
capacitance  per  area  of  50  attofarad/pm2  and/=lGhz  and  a  voltage  swing  of 
2.5  volts,  we  obtain, 

^on  chip  interconnect  =  0.3mW/mm//an  (L  w)  (1*7) 

where  w  is  the  linewidth  in  pm,  and  L  is  the  line  length  in  mm.  This  power  is 
still  pretty  low  in  comparison  to  what  a  VCSEL  might  need  to  transmit  at 
1  Gbit/sec  (~0.5mW)  unless  the  on  chip  length  is  several  cm. 

Switching  power  and  density  considerations  from  output  pins 

Probably  a  more  important  parasitic  is  the  power  requirement  to  drive  the 
output  pins  on  a  chip.  Even  though  CMOS  dimensions  may  scale  the  bond  pad 
sizes  and  packaging  wires  do  not.  At  the  periphery  of  a  chip  (see  Figure  1-4), 
there  are  bond  pads  typically  spaced  by  200pm.  To  add  even  more  pins 
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sometimes  there  are  multiple  rings  of  these  bond  pads.  In  fact,  another 
argument[21]  for  ffee-space  interconnects  is  mainly  from  a  density  perspective 
that  as  chips  get  larger,  the  area  available  for  interconnection  from  pads  at  the 
edge  of  the  chip  scales  as  the  length,  L,  of  a  side  of  the  chip.  But  the  area 
available  from  the  whole  chip  scales  as,  L2.  However,  one  should  keep  in  mind 
that  IBM’s  a  flip-chip  bonding  process  (called  C4)  would  allow  electrical 
interconnections  over  the  whole  area  of  the  chip.  In  addition,  a  ball-grid  array 
can  be  used  allowing  (as  many  as  a  thousand)  connections  (which  scale  with 
area)  from  the  package  to  the  board.[18] 


Figure  1-4:  Schematic  of  a  CMOS  chip  with  the  pads  that  get  connected 
to  the  package  pins  and  subsequently  to  lines  on  a  printed 
circuit  board.  Driving  these  pads/pins/  and  lines  at  high  speed 
takes  a  significant  amount  of  power  and  current  in  today’s 
chips 

But  as  far  as  switching  power  considerations,  one  must  contend  with  a 
significant  capacitance  not  only  from  the  bond  pad,  but  also  the  board  trace. 
Typically,  chips  are  tested  with  total  capacitance  of  50pF  per  pin[18].  (This 
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figure  is  high  due  to  the  typical  length  of  board  traces.)  Again  using  f=\ GHz 
and  a  voltage  swing  of  2.5  volts,  we  obtain, 

^off  chip  interconnect  =  CAK2/ =  0.3  W/GHz  d'*) 

This  power  is  huge!  Especially  if  there  are  hundreds  of  pins  to  drive. 
However,  one  probably  would  not  use  traditional  board  traces  for  1GHz 
signals.  With  better  packaging  one  would  drive  an  impedance  matched 
transmission  line  instead  of  a  pure  capacitive  load,  then  the  power  required 
essentially  frequency  independent  (barring  skin-effect  losses).  Under  these 
assumptions,  the  transmission  line  will  not  draw  any  power,  but  a  matched 
load  (or  a  matched  source  sinking  current)  will,  then  the  consumption  is 

^mteionLine^^SmW  (1-9) 

for  a  swing  of  2.5  volts  and  an  impedance,  Z=50Q.  This  power  is  still  very 
high  compared  to  the  few  mW  of  power  for  an  optical  link. 

To  reduce  the  electrical  power  required,  one  would  like  to  use  higher 
impedance  lines,  but  impedances  over  100Q  are  difficult  to  achieve  for 
microstrip  lines  (for  coax  cable  it  is  possible,  in  theory,  with  really  fat  cable). 
But  the  other  thing  to  do  is  simply  to  reduce  the  voltage  swing.  The  limit 
encountered  reducing  the  voltage  swing  is  the  stability  of  the  threshold  voltage. 
Design  specifications  for  operating  between  25  and  100°C,  imply  a  60meV 
uncertainty  in  V*.  And  this  uncertainty  bounds  an  optimum  threshold  around 
0.2  volts [22].  For  a  0.4  rather  than  a  2.5  voltage  swing,  the  power 
consumption  is  reduced  by  a  factor  of  forty  to 


^off  chip  interconnect  ^  m W/Ghz 

(1-10) 

p  _  -  3  2  mW 

rtransmissionLine  g 

(i-ii) 

In  fact,  a  2Gbit/sec/pin  link  has  been  demonstrated  with  150mV  signal 
amplitude[23,  24],  Depending  on  channel  skew,  one  will  need  to  lock  to  a 
clock  for  every  nth  channel.  (This  obviously  depends  whether  one  is  using  a 
bus  or  a  star  architecture.)  To  lock  to  the  clock  one  needs  a  phase  or  delay  lock 
loop  and  it  should  also  be  noted  that  for  these  circuits,  the  phase-lock-loop 
(which  would  be  present  in  both  optical  and  electrical  links)  consumes  a  much 
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larger  power  of  170raW[24J.  However,  for  one  central  chip  talking  to  many 
other  chips,  the  phase  lock  loop  can  be  taken  off  the  central  chip  to  reduce  the 
power  consumption  by  75%[23,  24],  then  the  power  budget  depends  more 
upon  the  laser  and  driver  on  the  central  chip.  In  that  case  it  is  necessary  to 
have  low  power  laser  drivers  in  CMOS  to  reduce  total  power  consumption.  As 
discussed  in  the  LAN  applications  section,  typical  drivers  with  ECL  inputs 
consume  much  more  power  than  the  laser.  However,  groups  have 

^VCSE^5°26jX>Wer  CM°S  driV6rS  WWCh  C°nSUme  P°Wer  comParable  to 

The  numbers  for  lower  voltage  driving  of  metal  interconnect  lines  suggest  that 
for  optics  to  be  a  competitive  solution  (as  far  as  power  consumption  goes),  the 
power  consumed  by  the  laser/modulator  should  be  well  under  a  lmW  per  link. 

Current  distribution  considerations: 

As  far  as  power  consumption  is  concerned,  future  electrical  solutions  are  very 
competitive  with  optical  solutions,  but  what  about  current  considerations?  For 
the  voltage  swing  of  2.5V  into  a  50Q  line,  the  peak  AC  current  required  is 
50mA.  So?  If  you  have  a  hundred  of  these  lines  to  drive  then  (in  the  worst 
case  that  all  the  outputs  were  swinging  high  or  low)  you  need  a  whopping  5A 
of  current  from  your  supply  and  ground  But  even  supposing  60%  are  all  going 
high  at  once,  then  you  have  0.5A,  which  is  still  a  lot  of  current  to  be  routing  on 
a  chip.  Given  these  numbers,  an  optical  solution  looks  very  attractive  But 
using  a  lower  future  swing  voltage  of  0.4V,  the  current  for  ten  lines  going  high 
at  once  drops  to  80mA.  If  one  uses  low  threshold  VCSELs,  the  change  in 
current  for  ten  of  them  going  high  at  once  will  be  around  2mA  (assuming  they 
can  be  operated  at  ~100pW  output  power  swing  with  0.5W/A).  This  is  a  much 
lower  AC  current.  However,  with  the  DC  bias,  the  power  supply  is  guaranteed 
to  have  a  load  from  all  the  lasers  all  the  time  of  around  50mA  (assuming  above 
threshold  bias).  A  laser  based  solution  still  has  a  slight  edge,  but  it  gets 
narrower  as  voltages  are  able  to  be  lowered  in  future  chips.  Thus,  reducing  the 
bias  point  as  much  as  possible  is  necessary  for  optics  to  have  any  hope  of 
competing  with  metal  interconnects  inside  future  computers. 


19 


Chapter  1:  VCSEL  Applications 

Optical  Interconnect  Architecture:  VCSELs  vs.  SEEDs 

If  optical  interconnections  are  to  be  used  within  a  computer  (or  over  short 
distances  in  general,  such  as  for  switching)  one  must  decide  whether  to  use  a 
modulator  based  architecture  or  a  laser-based  architecture.  The  major  issues 
for  either  system  to  address  is  the  ease  of  integration  both  with  semiconductor 
components  and  the  external  optics  and  the  power  consumption  (mW/Gbaud). 
In  addition,  the  usual  issues  of  uniformity  and  stability  much  also  be  satisfied. 
Furthermore,  one  would  also  like  have  some  magnification/de-magnification 
whereby  one  chip  can  talk  to  more  than  one  other  chip.  (See  Figure  1-5) 
Otherwise,  one  might  as  well  just  solder  bond  the  chips  to  each  other. 


Distributed  processors 


(a)  0>) 


Figure  1-5:  Examples  of  optical  interconnect  “magnification”  so  that 
one  chip  can  talk  to  more  than  another  chip  of  the  same  size, 
(a)  A  scheme  used  by  Applied  Photonics  (b)  A  Focusing/De- 
foc using  arrangement  (c)  A  bus-like  scheme  with  pass  through 
that  can  be  implemented  optically  (as  shown)  or  electrically 
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The  main  difficulty  with  a  modulator  based  interconnect  system  using  Self 
Electro-Optic  Devices  (SEEDs)  is  that  these  need  light  incident  normal  to  the 
surface.  To  bring  the  light  in  and  send  the  modulated  light  to  a  detector  array 
would  require  the  use  of  beam  splitters  as  shown  in  Figure  1-6.  And 
connection  to  multiple  chips  can  only  be  implemented  in  a  bus  like 
architecture. 

But  the  main  advantage  of  presently  of  SEEDs  is  that  they  are  more  mature. 
Arrays  with  256  modulators  integrated  with  4096  detectors  (for  multiplexing 
purposes)  have  been  demonstrated[27].  In  addition,  SEEDs  presently  have 
more  “smartness”  than  source  based  interconnects.  Specifically,  FETs  and 
SEEDs  have  been  monolithically  integrated  to  make  circuits  which  can 
implement  switching,  neural  networks,  correlation  etc [28].  This  “smartness” 
is  not  inherent  to  SEEDs,  because  a  source-detector  based  system  can  be  made 
“smart”  simply  by  flip-chip  bonding  it  to  CMOS  circuitry.  However,  the  same 
level  of  complexity  has  not  yet  been  achieved  with  VCSELs  and  detectors. 


Modulator  array 


Optical  Source 


Figure  1-6:  Packaging  difficulty  with  a  modulator  based  interconnect 
system.  (It  gets  even  worse  for  two-way  communication) 
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The  “on-chip”  power  consumption  for  a  SEED/Detector  based  system  is 
relatively  low.  For  a  10x1 0pm  modulator  (with  a  lOOfF  capacitance)  and 
AV=3  volt,  the  drive  power  is[29]: 

Pseed  ~lmfV  ^Gbit '  sec>  ( 1 ' 1 2) 

This  consumption  is  lower  (but  not  dramatically)  than  the  electrical  power 
consumption  (-3mW)  described  above  for  low-voltage  interconnects.  The 
total  dissipated  power  will  also  include  some  optical  power  from  the  source 
which  does  not  arrive  at  the  detector  array.  If  the  optical  elements  are  efficient 
at  directing  the  optical  power  on  the  array  and  to  the  detector,  then  one  needs 
only  carry  enough  power  for  the  receiver  ~0.1mW/channel.  Budgeting  for 
some  power  absorbed  by  the  SEED  (say  50%)  incident  power,  then  SEED 
dissipated  power  is  l.lmW/Gbaud.  However,  if  the  optics  are  not  efficient, 
one  would  need  high  power  incident  on  the  SEEDs  and  they  could  easily 
consume  several  mWs/Gbaud. 

The  SEED  technology  is  relatively  mature,  but  VCSEL  technology  is  catching 
up  with  SEEDs  in  both  the  essential  areas:  device  integration  and  device 
performance.  A  major  issue  being  addressed  at  UCSB  is  the  monotlithic 
integration  of  VCSELs  and  photodetectors  in  a  manner  compatible  with  flip- 
chip  bonding  to  driver  circuitry.  A  novel  way  to.  do  this  which  Duane 
Louderback  and  I  came  up  with  is  to  use  lateral  oxidization  of  AlGaAs  to 
create  a  high  reflectivity  bottom  mirror  while  leaving  un-oxidized  an  adjacent 
mirror  to  be  used  as  part  of  a  resonant  cavity  photodetector.  (See  Figure  1-7.) 
Although  the  oxidation  dramatically  changes  the  refractive  index  (from  ~3  to 
—1.6),  it  is  possible  to  design  the  layers  in  such  a  manner  that  the  resonant 
wavelength  of  both  structures  is  the  same.2  The  other  “nice”  features  about  this 
design  are  that  it  requires  no  regrowth,  and  it  uses  substrate  coupled 
lasers/detectors  so  the  devices  can  easily  be  flip-chip  bonded.  Many  more 
details  about  the  design  and  its  successful  measured  performance  will  be 
described  in  Duane’s  thesis. 


2  Note  there  is  no  way  to  make  the  optical  thickness  of  a  period  X72  in  both  cases,  but  the 
out  of  phase  reflections  can  be  kept  away  from  the  cavity. 
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As 


High  reflectivity 

Medium  reflectivity  for 

for  lasing 

efficiency,  bandwidth 

GaAs  Substrate 


Figure  1-7:  Technique  for  monolithic  integration  of  Vertical  Cavity 
Lasers  and  photodetectors  -  a  key  step  needed  for  creating  a 
VCSEL-based  interconnect  architecture 


Aside  from  easy  integration  with  other  components,  it  is  also  necessary  for  a 
VCSEL/Detector  based  interconnect  scheme  to  reduce  the  power  consumption 
at  a  given  data  speed  in  order  to  be  competitive  with  an  electronic  solution. 
This  is  a  major  issue  being  addressed  in  thesis.  As  we  will  describe  in  the  next 
chapter,  improved  wall-plug  efficiency  at  lower  power  and  improved 
modulation  current  efficiency  can  be  achieved  by  scaling  the  size  of  the  device, 
provided  one  can  remove  prohibitive  parasitics  like  optical  scattering  losses 
and  current/carrier  leakage.  The  major  thrust  of  this  work  is  to  characterize 
and  remove  these  parasitics  through  improved  design  of  the  oxide  apertures  in 
VCSELs.  The  drive  power  requirements  for  VCSELs  in  these  systems 
obviously  depends  upon  the  receiver  sensitivity  and  the  what  fraction  of  power 
is  expected  to  be  lost  through  the  optical  system.  However,  the  results  from 
this  work  imply  that  if  the  average  output  power  of  the  laser  is  around  100- 
200|iW  (which  is  plenty,  if  the  receiver  can  get  it  all),  then  the  power 
consumption  will  be  around  0.5- lmW  which  is  comparable  to  the  power 
consumed  by  SEEDs. 
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VCSEL  Characteristics  for  free-space  interconnects: 

As  discussed  above,  the  wall-plug  efficiency  of  a  VCSEL  at  low  powers  (total 
consumption  <lmW)  is  very  important  to  be  able  to  compete  with  an  electrical 
solution  and  with  alternative  modulator  based  interconnects.  Also  it  is 
necessary  for  the  VCSEL  to  be  able  to  operate  a  high-speed  (~GHz)  at  these 
low  powers.  But  with  improvements  to  the  design  (namely,  thin  oxide 
apertures),  that  the  work  presented  here  helped  motivate,  the  3  pm  diameter 
VCSELs  of  Brian  Thibeault  demonstrated  -3dB  frequency  of  4GHz  with  only 
50pW  output  power[30]!  Thus,  properly  scaled  small  devices  should  have  no 
problem  reaching  Gbit/sec  transmission  at  low  power. 

In  addition  to  power  and  speed  requirements,  the  VCSEL  should  be  single 
mode  not  only  to  avoid  mode  competition  noise  but  also  to  avoid  optical 
crosstalk  as  the  mode  is  sent  through  the  collimating  optics.  Further  one  would 
like  the  operating  voltage  to  be  well  under  3V  so  that  it  could  be  directly 
driven  by  lower  voltage  CMOS  circuits.  Smaller  VCSELs  have  higher 
resistance,  but  the  lower  output  power  required  helps  reduce  the  drive  voltage. 
In  addition,  if  the  VCSELs  are  flip-chip  bonded  directly  to  driver  circuitry  then 
matching  issues  with  transmission  lines  forcing  the  need  for  ~50Q  dynamic 
resistance  is  not  as  critical.  The  threshold  naturally  needs  to  be  low  for  higher 
wall-plug  efficiency  at  lower  output  power,  and  low-threshold  is  definitely 
desired  to  reduce  the  quiescent  current.  As  we  will  discuss  in  Chapter  6,  the 
optimized  single-mode  VCSELs  presented  here  with  a  wall-plug  efficiency  of 
20%  at  only  150pW  output  power  are  presently  the  state  of  the  art  in  terms  of 
meeting  these  requirements,  but  even  further  progress  is  desired  for  this 
application. 


Data  Rata 

1-2  Gbit/sec 

Laser  Electrical  Input  Power 

As  low  as  possible  <  1  mW 

Peak  Optical  Power 

1-2  mW 

Resistance 

not  critical 

(so  long  as  V<2.5volts) 

Drive  Voltage  aft  operating  power 

<2.5  volts 

Threshold 

optimized  for  min  operating  power 
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Modal  Characteristics 


single-mode 


Table  1-1 :  Desired  Characteristics  for  VCSELs  used  in  free-space 
interconnects 


VCSELs  for  Printing 

Just  as  we  have  seen  density  considerations  drive  the  need  for  improved 
smaller  VCSELs  in  communication,  we  can  see  the  a  similar  trend  in  laser 
printing.  In  desktop  and  some  larger  scale  laser  printers,  the  laser  and  mirrors 
for  deflecting  the  beam  essentially  replace  the  flashlamp  and  focusing  optics  in 
a  photocopy  machine.  (Note:  There  are  other  types  of  laser  printers  which 
require  high  power  lasers  for  thermal  dye  ablation/transfer  or  for  exposure  of 
photographic  silver  halide  materials[31])  For  background,  the  xerographic 
process  is  shown  in  Figure  1-8.  The  key  component  in  the  process  is 
photoconducting  material  which  behaves  as  an  insulator  in  the  dark,  but  a 
conductor  in  the  light.  This  photoconductor  on  the  drum  is  first  charged 
electrically,  then  laser  light  is  used  to  selectively  make  the  photoconductor 
conductive  so  that  it  will  discharge  to  the  lower  potential  drum.  The  remaining 
charged  photoconductor  on  the  drum  then  picks  up  toner  which  is  subsequently 
fused  to  the  paper.  Further  details  of  this  process  can  be  found  in  [32]. 


Let  us  now  consider  the  fundamental  power  and  speed  issues.  Suppose  we 
have  a  given  dot  density  on  the  photoconductive  drum,  which  dictates  the 
number  N[)  of  dots  per  page  and  it  takes  an  energy  ED  to  expose  one  dot  to 
make  it  conductive.  The  time,  tp  to  expose  a  page  is  given  by: 


l  —  ^ pEp  _  N qEq 

f*TL  NlAlP[) 


(M3) 


where  Ppp  is  the  total  power  from  the  laser  or  lasers  which  is  not  lost  by 
focusing  optics.  Np  is  the  number  of  lasers,  Ap  the  area  of  a  laser  beam  and 
PD  the  fraction  of  the  power  density  from  a  laser  which  is  not  lost  by  focusing 
optics.  This  analysis  assumes  that  the  exposure  process  is  not  limited  by  the 
transit  time  of  the  charge  to  ground  and  no  non-linear  optical  effects  are  taking 
place  and  should  work  for  photoconductor  exposure  times  (tp/Np/Np)  from 
3psec  to  lsec[32].  From  the  right  side  of  Eq.  (1-13)  we  see  that  we  can 
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decrease  the  exposure  time  by  increasing  the  total  optical  power  which  can  be 
done  either  by  adding  more  beams  at  the  same  power  (to  simultaneously 
expose  different  dots)  or  increasing  the  power  from  a  single  beam. 


(3)  Toner  in  carrier 
deposited  on  charged 
photoconductor 

Figure  1-8:  Schematic  of  the  laser  printing  process  (adapted  from  [32]) 

If  one  increases  the  power  from  a  single  beam  the  scan  speed  of  the  beam 
across  the  page  must  be  increased.  The  beam  is  typically  scanned  across  the 
page  using  a  rotating  mirror  (or  actually  several  mirrors  on  the  outside  of  a 
polygon  -  See  Figure  1-9).  Higher  scanning  speeds  require  higher  priced 
motors.  Consequently,  even  being  able  to  use  two  or  four  lasers  is  a  major  cost 
savings.  (Two  element  arrays  are  already  in  manufactured  printers.)  The 
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extreme  approach  that  Xerox  hopes  to  take  is  to  use  an  array  of  -14,000  lasers 
with  one  for  every  dot  across  the  width  of  a  page.  In  that  case  no  motorized 
scanning  mirror  is  required.[33]  One  advantage  that  we  will  discuss  in  the  next 
chapter  is  that  properly  scaled  smaller  lasers  can  reach  a  higher  power  density 
than  larger  ones.  So  if  one  can  increase  the  number  of  lasers  to  compensate  for 
the  reduction  in  area,  then  one  will  have  more  total  power  (which  is  an 
equivalent  measure  of  print  speed). 


Rotating  drum  with  photoconductor 


Figure  1-9:  Scanning  mechanism  in  a  laser  printer  -  a  side  view  of 
Figure  1-8.  (Adapted  from  [33]) 

The  actual  amount  of  power  necessary  also  depends  upon  wavelength  and  the 
photoconductor  used,  and  generally  the  materials  are  more  sensitive  to  visible 
rather  than  infrared  light  (wavelengths  <800nm  are  required),  but  using  an 
energy  density  typical  in  the  red  of  10mJ/m*[32],  then  to  print  one  8.5”xll” 
page  in  one  second  would  require  0.6mW.  Of  course,  this  power  can  be  an 
order  of  magnitude  higher  depending  upon  the  throughput  of  the  optics.  But  if 
an  array  of  lasers  is  used  then  one  can  easily  get  that  order  of  magnitude  back. 

The  laser  beam  in  these  systems  needs  to  be  pretty  clean  which  normally 
means  using  a  single  mode  laser  (or  at  least  single-mode  looking),  but  possibly 
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one  could  also  use  a  heavily  moded  large  VCSEL  which  would  still  look  okay. 
Thus,  to  put  VCSELs  to  use  in  this  application  means  moving  towards  arrays 
of  many  VCSELs  with  relatively  low  power.  As  array  size  increases 
improvements  in  scaling  to  increase  the  power  density  and  decrease  the 
thermal  load  become  important. 

Final  Comments  and  Summary: 

A  system  perspective  provides  an  understanding  of  where  VCSELs  may  be 
employed  in  the  future  and  what  issues  need  to  be  addressed.  But  it  is  not 
always  the  best  perspective  because  often  times  technology  is  more  of  a 
chicken  and  egg  problem  (i.e.  which  should  come  first)  and  people  working  on 
one  technology  (e.g.  high  performance  optical  interconnects)  may  have  no 
application  until  another  technology  (e.g.  packaging)  improves.  So  sometimes 
it  is  necessary  to  improve  a  technology  without  an  existing  application,  but 
existing  needs  are  not  a  bad  starting  place. 

In  this  chapter,  we  examined  applications  for  both  data  communication  and 
laser  printing.  In  both  cases  we  have  seen  that  the  scaling  of  VCSELs  becomes 
important  as  the  array  size  increases.  Scaling  the  VCSEL  is  not  so  much 
needed  to  allow  more  VCSELs  to  fit  in  a  given  space  as  it  is  to  minimize  the 
thermal  and  electrical  load  of  the  whole  array.  Perhaps  in  the  future  scaling 
will  also  be  needed  for  higher  speed  per  channel.  Figure  1-10  pictorially 
summarizes  the  different  VCSEL  structures  to  meet  the  different  requirements. 

Already  proton  implanted  VCSELs  are  being  employed  in  single  channel  data 
links  to  meet  Gigabit  Ethernet  and  Fibre  channel  standards.  And  soon  VCSEL 
arrays  will  be  available  for  multichannel  higher  speed  links  using  multimode 
fiber  over  shorter  distances  in  parallel  computing  applications  and  in  phone 
switching  centers.  And  moderate  improvements  in  optical  and  electrical 
confinement  through  the  use  of  oxide  apertures  are  needed  to  help  satisfy  the 
requirements  for  these  ~  10  channel  arrays. 

Perhaps  future  requirements  for  multichannel  fiber  links  will  force  further 
improvements  in  confinement  for  higher  speed,  but  the  most  demanding 
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application  for  VCSELs  is  free-space  optical 


computers. 
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(a) 


interconnections  within 


Type:  Proton  Implanted 
Size:  ~15-30pm 
Modedness:  Multimode 
Application:  Single 
channel,  1.3  Gbaud 
data  links,  ~10-200m 


Type:  Oxide  Confined 
Size:  ~10-20(a.m 
Modeness:  Multimode 
Application:  Multi 
channel,  1-2  Gbaud 
data  links,  ~l-100m 


(b) 


(c) 


Type:  High  Performance 
Oxide  Confined 
Size:  <6|im 
Modedness:  Single 
Applications:  Multi 
channel,  Multi-Gbaud 
data  links,  <10m 
and  laser  printing 


Figure  1-10:  Summary  of  various  VCSEL  applications  and  an 

applicable  structure.  The  necessary  VCSEL  size  (and  design) 
scales  with  application  requirements.  (We  have  ignored 
etched  pillar  devices  since  industry  is  already  leapfrogging  this 
structure  in  favor  of  planar  oxide  confined  structures. ) 
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The  analysis  of  electrical  interconnection  vs.  optical  interconnection  within 
computers  suggest  that  with  present  day  drive  voltages  for  pins  and  board 
traces  that  an  optical  interconnect  solution  has  almost  a  hundred-fold 
advantage  in  terms  of  power  consumption  at  gigabit  speeds  (in  terms  of  the 
power  to  send  the  actual  signal),  but  if  drive  voltages  are  reduced  to  the  values 
present  in  research  interconnects,  then  electrical  interconnect  power 
consumption  is  on  the  same  order  as  optical  interconnect  power  consumption. 

If  free-space  optical  interconnects  are  to  be  used,  then  one  would  like  to  use  a 
convenient,  low-power  architecture.  Previously  VCSELs  seemed  only  more 
attractive  due  to  packaging  considerations,  and  SEEDs  seem  more  attractive  in 
terms  of  power  consumption  and  the  ability  to  integrate  easily  with  detectors 
and  transistors  (though  unattractive  in  terms  of  other  packaging 
considerations).  However,  my  work  and  my  colleagues  work  at  UCSB  has 
helped  both  to  improve  the  efficiency  of  VCSELs  at  low  power  (and  smaller 
sizes  as  desired  for  single-mode  operation)  and  to  ease  the  integration  of 
VCSELs  and  detectors  making  VCSELs  more  competitive  with  a  modulator 
based  interconnect  solution. 

Lastly,  laser  printing  may  become  another  application  for  VCSEL  arrays.  The 
power  requirements  per  laser  fall  as  the  number  is  increased,  driving 
improvements  in  the  efficiency  in  single  mode  smaller  VCSELs. 
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Introduction: 

The  major  success  of  semiconductor  lasers  has  much  to  do  with  the  ability  to 
scale  the  device  size.  Not  only  are  semiconductor  lasers  more  convenient  to 
handle  and  package  than  much  larger  gas  lasers,  but  also  their  smaller  volume 
makes  possible  much  higher  direct  modulation  speeds  and  higher  efficiency  at 
lower  output  power.  Consider  that  gas  lasers  like  the  C02  laser  can  have  high 
power  conversion  efficiencies  of  20-30%,  but  at  output  powers  around  several 
kilowatts.  Typical  in-plane  lasers  can  reach  such  efficiencies  at  powers  around 
of  tens  of  milliwatts  and  the  VCSELs  presented  in  this  work  can  reach  those 
efficiencies  at  powers  around  hundreds  of  microwatts.  Scaling  down  from  a 
gas  laser  to  an  in-plane  semiconductor  laser  involves  both  (1)  shrinking  the 
cavity  length  with  similar  reflectivity  mirrors  (which  is  possible  because  the 
increased  density  of  atoms  in  a  solid  relative  to  a  gas  creates  a  much  higher 
gain  per  length)  and  (2)  shrinking  the  cross-sectional  area  (which  is  possible 
because  of  fabrication  techniques  which  circumvent  otherwise  significant 
parasitics.)  Similarly,  fabrication  of  vertical  cavity  lasers  can  be  viewed  as 
another  step  in  the  continuation  of  scaling  of  the  laser  size.  The  scaling  from 
in-plane  lasers  to  vertical  cavity  lasers  is  again  involves  both  (1)  shrinking  the 
cavity  length  (by  about  a  factor  of  a  hundred)  which  is  permitted  by  using 
higher  reflectivity  mirrors,  and  likewise,  shrinking  the  cross-section  area  which 
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is  possible  with  improved  fabrication  techniques  to  avoid  parasitics.  This 
second  step  is  key  to  improved  performance,  and  a  central  topic  of  this  thesis. 
In  this  section,  we  will  examine  the  both  the  advantages  that  scaling  the  area 
has  to  offer  and  the  limitations  to  doing  so. 


Ideal  Scaling 

In  this  section,  we  start  with  some  very  simple  assumptions  about  laser 
characteristics  and  examine  the  consequences  for  scaling  of  various  VCSEL 
parameters  in  order  to  present  the  benefits  of  ideal  scaling.  In  a  later  section, 
we  will  discuss  what  happens  to  this  picture  when  the  parasitics  come  into 
play. 

Slope  Efficiency,  Threshold  current  density,  Diode  voltage  drop 

Under  ideal  scaling,  the  slope  efficiency  (photons  per  electron  or  hole 
injected),  qEX,  of  a  VCSEL  would  remain  the  same  at  all  sizes  and  the  broad 
area  threshold  current  density,  and  voltage  drop  across  the  active  region, 
V[),  would  also  be  constant  for  all  sizes.  Thus,  the  threshold  current,  /j//, 
would  drop  with  R2.  These  assumptions  imply  that  there  are  no  excess  optical 
losses  at  any  size,  that  the  injection  efficiency  is  also  constant,  and  that  there  is 
no  lateral  current  or  carrier  leakage.  However,  we're  not  assuming  everything 
else  is  so  perfect. 

Electrical  Resistance 

Ideal  scaling  (at  least  in  this  description)  still  implies  varying  electrical 
resistance,  Rg.  For  an  etched  pillar  of  radius,  Rp,  (as  shown  in  Figure  2-1  for 
the  case  of  R=Rp )  the  resistance  will  be  dominated  by  the  current  transport 
through  the  pillar  and  vary  approximately  as  1  /R2.  This  scaling  is  very 
detrimental  to  device  performance  even  though  the  pillar  is  sometimes  a 
convenient  geometry  for  exotic  microcavity  VCSELs  or  those  using  impurity 
induced  disordering.  What  is  even  worse  is  that  the  current  must  all  move 
vertically  through  the  structure,  and  as  we  will  discuss  in  the  next  chapter,  the 
vertical  conductivity  is  several  times  higher  than  the  lateral  conductivity.  For 
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the  case  of  an  apertured  device,  there  is  not  an  exact  analytical  form  for  the 
resistance,  but  for  the  case  the  aperture  is  flowing  current  into  a  semi-infinite 
region  of  uniform,  isotropic  conductivity  (i.e.  the  pillar  radius  is  much  larger 
and  further  away),  then  the  resistance  varies  as  UR.  This  scaling  is  not  only 
observed  experimentally  for  top  contacted  apertured  VCSELs  as  will  be 
described  in  the  device  results  section,  and  but  also  this  UR  scaling  is  observed 
for  intracavity  contacted  devices[l]. 


It  is  useful  to  do  a  bit  more  analysis  to  determine  how  big  to  make  Rp-R  in 
order  to  be  in  this  UR  scaling  regime.  Even  with  differing  lateral,  pp.  and 
vertical  resistivities,  p  y,  one  can  determine  an  approximate  analytic  expression 
valid  when  the  aperture  radius  is  large  compared  to  the  pillar  height  by  adding 
a  pure  vertical  resistance,  Ry  within  r<R  in  parallel  with  a  lateral-vertical 
resistance,  RlV,  for  r>R.  The  lateral-vertical  resistance  is  determined  by 
assuming  the  radial  current  flow  looks  like  flow  into  a  bar  of  width  2nr  and 
using  the  resistance  for  such  flow  as  also  determined  for  flow  under  finite 
length  contacts  for  contact  resistance  measurements [2]. 


1  _  1  1 
Re  Ry  RLy 


rtR1  |  2kR 
hPv  yfpvPL 


tanh(Ai?  t  LSM) 


(2-1) 


where  A R  =  RP-R  and  the  characteristic  length,  =  h^pvj  pL  .  More 

interesting  to  look  at  is  the  ratio  of  the  total  resistance,  Rp,  to  the  vertical 
electrical  resistance,  Ry,  through  a  pillar  of  radius  Rj: 

Re_  = _ I _ 

Ry  1  +  (2  LSm  i  R )  tanh(A^  /  Lsm) 

«  — - r  (for  short  oxidation)  (2-2) 

\  +  {2AR/R) 

as  — r — ^ - r  (for  long  oxidation) 

l  +  (2  Lsu/R) 


Because  of  assumptions  we  cannot  expect  this  ratio  to  be  that  accurate,  but  we 
can  use  it  to  get  a  good  enough  idea  how  big  to  make  AR.  We  see  there  are 
two  length  scales  involved:  For  short  oxidation,  AR<Lsm/2,  (which  is  2-4 
times  the  pillar  height),  then  improvement  depends  roughly  on  the  oxidation 
depth  in  comparison  to  the  aperture  radius.  For,  say  a  factor  of  ten  reduction  in 
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resistance  relative  to  the  etched  pillar,  AR>5R.  For  a  3pm  diameter  aperture, 
we  would  need  to  oxidize  8pm  which  is  still  in  the  “short-oxidation”  regime. 
Of  course  for  long  oxidation  the  improvement  reaches  a  maximum  indicated  in 
Eq.  (2-2).  One  must  find  some  compromise  because  too  long  an  oxidation  will 
increase  the  parasitic  capacitance  and  limit  the  speed  of  the  device  even  though 
the  DC  resistance  is  lower. 

For  the  case  of  7pm  high  mirrors  for  X=1 .55pm,  full  three-dimensional  current 
flow  analysis  of  this  problem  has  been  performed  by  Near  Margalit[3]  using 
the  ATLAS  program.  The  results  show  that  the  rule  of  thumb  I  derived  above 
works  fine  in  the  “short  oxidation”  regime,  though  the  improvement  levels  out 
more  quickly.  There  was  little  (<5%)  improvement  once  the  oxidation/etching 
depth  AR  was  over  ~15pm. 


Figure  2-1:  Current  flow  in  the  mirror  of  an  apertured  VCSEL. 


Wall-Plug  Efficiency 

Given  the  size  dependence  to  the  resistance  let  us  next  examine  the  size 
dependent  of  the  wall-plug  efficiency  under  ideal  scaling.  Typically  the  peak 
wall-plug  efficiency  occurs  well  before  thermal  roll-over  (because  of  the  I2R 
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term)1  so  we  will  put  off  thermal  effects  until  the  next  section.  The  two 
important  cases  to  consider  are  when  the  resistance  scales  as  1/R  and  as  1/R2. 
We  begin  by  assuming  a  simple  dependence  for  the  voltage  so  the  wall-plug 
efficiency  is  given  by 


_  Pout  _  jj out  _  ? 'out 

P  Pin  VI  (>W«£)/ 


(2-3) 


We  also  assume  a  linear  L-I  curve  so  that 

I  ~  OUT  /(nEXVp)+  hH  (2-4) 

Vp=hv/q  is  the  photon  voltage,  POUT  IS  the  power  out,  and  Ijh  is  the 
threshold  current. 


Let’s  now  take  a  look  at  scaling.  If  one  kept  the  output  power  constant,  then 
one  always  must  provide  a  minimum  current  even  if  /77f=0.  Consequently,  the 
increasing  resistance  at  smaller  sizes  (as  1/R  or  1/R2)  will  eventually  bring 
down  the  wall-plug  efficiency  (at  a  constant  power).  However,  this  simply 
means  that  peak  efficiency  occurs  at  lower  powers  for  smaller  size  devices. 
But  the  scaling  of  this  optimum  operating  point  depends  on  the  scaling  of  the 
resistance.  In  general,  we  can  find  the  output  power,  PoPT  at  which  the  wall- 
plug  efficiency  is  a  maximum  (d-q^JdpQ^O).  This  occurs  at  a  power  of 

Popt  =  nExVphH^^I^)  (atmax7WP)  (2-5) 

and  the  factor  under  the  radical  is  the  number  of  times  threshold  where  the 
maximum  occurs. 

Case  I:  Re~1/R 2 

For  the  case  of  an  etched  pillar  without  an  aperture  or  a  very  short  oxidation, 
R£=B/R 2,  where  B  is'  a  constant  independent  of  radius.  The  threshold 
ITH^^BAB2  scales  inversely  of  the  resistance.  Then  (using  Eq.  (2-5))the 
output  power,  PoPT->  where  the  wall-plug  efficiency  is  a  maximum  also  scales 
with  R2: 

Pqpt  ~  ^ex^p^ baB2 -  PdqR2  (2-6) 


l  This  is  not  true  for  very  large  devices  as  we  see  in  the  next  section. 
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This  implies  that  the  peak  wall-plug  efficiency  always  occurs  at  a  particular 
power  density,  P£>0,  which  further  implies  that  the  peak  wall-plug  always 
occurs  at  a  particular  current  density,  J^O-  This  leads  to  the  conclusion  that 
(under  this  scaling  of  the  resistance)  the  maximum  wall-plug  efficiency  is 
constant  with  size!  (although  the  power  at  which  this  maximum  occurs  gets 
smaller  with  size) 

I  PD0 

=  =  IndepedentofR!  (2-7) 

Although  scaling  will  not  improve  the  peak  wall-plug  efficiency,  it  will 
improve  the  efficiency  at  lower  powers. 


R 


Figure  2-2:  Ideal  scaling  (constant  J77/,  r|EX)  of  power  for  peak  r|w  and 
value  of  peak  r\w  for  the  case  that  R£~\/R2.  This  graph  also 
applies  conversely  to  give  the  optimum  device  radius  for  a 
given  output  power. 

Another  related  problem  to  solve  is  to  start  with  a  given  output  power  P0UT0 .» 
and  ask  what  is  the  optimum  radius  device,  RoPP  for  the  highest  wall-plug 
efficiency  at  that  output  power.  Here  we  set  </r|wp/^=0  and  solve  for  R. 
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However,  it  turns  out  that  the  optimum  radius  is  just  given  by  inverting  Eq  (2- 
6).  So  the  optimum  radius  R()PT~(ROUTO)m-  This  maY  seem  obvious,  but 
these  problems  give  different  answers  in  the  next  section.  Figure  2-2  graphs  of 
the  scaling  using  some  optimistic  typical  values:  r|EX=0.6,  .Vp=\.26,  Vjy=  1.3, 
B=5.04kQ-pm2,  Jba= 500A/cm2. 

Case  II:  RE~//R 

When  the  depth  of  the  oxidation  or  etching  is  sufficiently  large,  then  for 
intracavity  contacted  or  p-mirror  contacted  devices  the  resistance 
approximately  follows  Rg=C/R,  where  C  is  a  constant  independent  of  radius. 
We  can  again  use  Eq.  (2-5)  to  determine  the  output  power  where  the  wall-plug 
efficiency  is  a  maximum, 

P opt  =  Iex^ p71^ baR2^  +  Vd/{J baC^R)  (atmax7WP)  (2-8) 

At  large  sizes  PoPT~R2  which  implies  the  peak  wall-plug  efficiency  occurs  at 
some  constant  power  density  and  constant  current  density  as  R  ->cc.  But 
when  R£~\/R,  then  a  constant  power  and  current  density  implies  that  the  peak 
wall-plug  efficiency  falls  off  as  tiwp.peak~1/J?  for  large  R. 


The  other  extreme  is  /?  — >  0 ,  and  we  see  that  PoPT^Rm- 
further,  we  find  that 


VwpIpeak^-a 


t1exXp_ 

VD  +  Jvdcjba*r 


Turning  the  crank 
(2-9) 


Unlike  the  case  for  R£~\/R2,  the  peak  wall-plug  efficiency  actually  increases  at 
smaller  sizes  and  eventually  reaches  its  maximum  value  of  t|exF/>/F£)  for  R= 0. 


The  other  problem  to  solve  is  the  determine  the  optimum  radius,  R()PT>  f°r  a 
given  output  power,  PoUTO •  Because  the  peak  wall-plug  efficiency  improves 
with  smaller  device  radii,  it  actually  is  advantageous  to  choose  a  device  of 
slightly  smaller  size  such  that  POUTOPROPT  rather  than  use  the  larger  size 
device  at  which  PoUTOcPOPT ■  This  IS  a  subtle  distinction,  but  it  does  make 
some  difference.  To  find  the  operating  point,  we  compute  the  combination  of 
R=ROPT  and  POUTO  which  satisfies  dr\wIdR= 0.  The  scaling  is  indicated 
graphically  in  Figure  2-3.  (As  R  -»  0 ,  RoPT~iPOUTO)m •) 
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Regardless  of  the  differences  between  these  two  problems,  the  main  trends  are 
clear.  When  the  resistance  scales  as  MR  not  only  do  smaller  devices  provide 
higher  wall-plug  efficiency  at  lower  power,  but  also  the  peak  efficiency  is 
higher  in  general  at  lower  output  powers. 


Figure  2-3:  Ideal  scaling  (constant  Jjjj,  riEX)  of  power  conversion 
efficiency  for  the  case  that  Rp-MR.  The  solid  lines  indicate 
the  power,  PoPT >  where  the  peak  riOT  occurs  and  its  value  at  a 
given  radius.  The  dashed  lines  are  for  the  converse  problem. 
For  a  given  power,  the  dashed  lines  indicate  the  optimum 
radius,  RqpjXo  choose  and  the  ^  at  that  radius  and  output 
power  (Parameters:  r)EX=0.6,  .Vp=\26,  Vjy=  1.3, 

C=684Q-pm,  J^=500A/cm2) 


Operating  Voltage 

Maintaining  low  operating  voltage  is  extremely  important  given  that  voltage 
supplies  running  around  on  circuits  keep  going  down.  Already  2.5  volts  is  a 
maximum  for  many  applications.  We  know  if  we  keep  the  same  operating 
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current,  as  we  reduce  the  size  that  that  the  resistance  will  skyrocket  and  so  will 
the  voltage,  but  if  (as  in  the  case  that  i?£~l//?2)  the  power  density  is  held 
constant  in  order  to  keep  the  operating  point  at  peak  wall-plug  efficiency,  then 
the  operating  voltage  will  remain  constant  with  size.  In  the  case  that  the 
resistance  scales  with  as  R£~VR,  then  the  operating  voltage  will  go  down 
approximately  as  VD  +  ^VDCJ bakR  (for  small  R)  when  the  power  or  size  is 
set  for  peak  efficiency.  So  scaling  may  not  be  so  bad  for  the  operating  voltage. 


Heating 


So  far  we  have  ignored  heating  effects,  but  now  let’s  examine  the  scaling  of  the 
temperature  rise.  For  an  etched  pillar  or  an  apertured  device  of  radius,  R,  the 
thermal  resistance  will  vary  approximately  as  \/R  in  theory  and  in  experiment 
as  confirmed  by  many  others  measurements  of  VCSELs.  And  the  temperature 
rise  is  given  by 

AT  =  RTfjPD 


Pth 
4  R 


Pout 


(2-10) 


If  we  keep  the  same  output  power,  eventually  the  increasing  thermal  resistance 
will  be  a  show  stopper  as  size  decreases,  but  we  can  ask  again  what  happens  if 
instead  we  try  keep  the  same  power  density,  ?£>,  as  we  would  like  to  in  order 
for  maximum  wall-plug  efficiency  (for  the  case  that  Rg~\/R2).  Then,  as 
discussed  above,  r\w  is  constant  with  size  and  the  temperature  rise  will  vary  as 

AT  =  PHLKR^pl[  J - 1  ]~R  (2-11) 

4  R  \11wp  ; 


Thus,  the  temperature  rise  actually  gets  lower  with  size.  This  implies  that  if  we 
were  to  include  thermal  roll  over  in  the  previous  analysis  of  the  wall-plug 
efficiency  (still  under  the  other  assumptions  of  ideal  scaling,  namely,  constant 
J?H,  t|ex)»  that  the  peak  efficiency  (rather  than  being  constant  for  all  sizes  as  in 
Figure  2-2)  would  drop  at  larger  sizes. 


For  the  other  case  that  the  resistance  scales  as  Rp~\/R,  the  math  is  uglier,  but 
as  R->0,  then  PoUT~^n  f°r  the  optimum  wall-plug  efficiency.  Then,  A T~Rm. 
This  is  slightly  worse  scaling  of  the  thermal  drop,  but  it  still  is  lower  at  smaller 
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sizes.  Both  cases,  imply  another  important  point-  the  neat  ™  • 

before  thermal  roii-over  should  he  higher  in  ideSiy  scaled 

Modulation  Speed: 

The  modulation  bandwidth  of  VCSET  s  Mn  #•  .  c 

resonance.  For  bias  ctments  suffice^  LTbo^e  .Z  o  Zil 

carter  clamping,  the  fluency  of  this  resonance  is  “[4]  ^ 

r  -  Tl/2 


fR=b 


7, 


Tv 


g 


[  "  qV  dN 


(i-ij 


=  MCEFU-Ith)  1,2 


27C 


7/ 


^xy^enhvg  cfe 


qL 


m{  Jlh) 


1/2 


(2-12) 


Provided  the  damping  and  parasitics  are  not  too  laree  the  i  hr  .  ,  . 

bandwidth  is  about  1  55  fp  Here  V-ttr2t  •  *u  ?  ’  ®  modulation 

V.UI  i.jjjp.  Here  V—nR^L  is  the  cavity  volume  an H  r  ,-o 

(MCEF)  i^sTl/iT Es^tialty  T™  ^ 

<he  gain  mcreases  dte  differential  gain  drops  due  to  heating.  ^  ™ 

pwer^tecause  ^’T.'0  -"7  ab°U'  SCaHng  *°  SmaJler  size  3,1(1  loWCT 
P  oecause  ot  the  shot-noise  limit  since  the  noise  floor  Riw  i/p 

However,  amund  lOOpW,  this  is  typically  no,  a  concern  ^ 

Yield 

Device  yield  is  limited  by  many  different  ptocess  pammetets,  bu,  for  VCSELs 

"otr 

fonned  iiUtogmphicaliy.  A,  smaiier  sizes  ptecise  colTott  tZZ 
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device  becomes  much  more  important,  but  let  us  assume  for  the  moment  that  it 
is  possible  to  have  precise  control  over  the  area  of  the  device,  then  the  yield  for 
an  array  of  VCSELs  is  limited  more  by  the  defect  density,  pD,  on  the  wafer.  In 
that  case  the  probability  of  a  given  number  of  failures  is  a  Poisson  random 
variable[5],  and  the  yield,  Y,  for  an  array  of  N  devices  is  found  from  7=1- 
{probability  that  at  least  one  device  has  defects  in  the  active  region}  and  is 
given  by: 

Y  =  exp{-pDnR2N)  (2-13) 

So  we  see  that  as  the  array  size  increases  it  is  better  to  be  using  smaller  devices 
for  similar  yield.  This  principle  may  also  apply  even  without  ideal  scaling,  but 
if  the  operating  current  density  or  temperature  in  the  active  region  is 
significantly  higher  in  smaller  devices  they  will  be  apt  to  degrade  more  readily. 

Summary  of  benefits  of  ideal  scaling: 

The  analysis  in  this  section  has  shown  that  despite  increasing  thermal  and 
electrical  resistance  at  smaller  sizes,  the  device  properties  can  improve  at 
smaller  sizes  for  lower  operating  powers  if  the  broad  area  threshold  current 
density  and  slope  efficiency  can  be  kept  constant  with  size.  The  following 
table  summarizes  the  different  trends:  _ 


Parameter 

Size  Dependence 

Long  Aperture 

Short/No  Aperture 

J-TH 

constant 

constant 

"Hex 

constant 

constant 

Re 

~1/R 

~1/R2 

POFr  =  Power  for  peak 

~R3/2  (as  R— >0) 

~R2 

T|wp  ^  Popx 

t  as  R  4 

constant 

Voltage  (at  P0PT) 

4  as  R  4 

constant 

Rth 

~1/R 

~1/R 

AT  at  Pqpt 

~R1/2  (as  R->0) 

~R 

MCEF 

~1/R 

~1/R 

MAXf3dB 

t  as  R  4 

T  as  R  4 

Yield  (limited  by  defects) 

expl-puNitR2} 

exp{-pDNnR2} 
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Table  U”der  “  »f ' » 

Barriers  to  Ideal  Scaling 

::n  r 2t°“  can  -  — *  ~ 

~  ~  i  ~  s*.*  xefflciency 

r„r 

later  chapters.  ere  ePore  exPanded  coverage  in 

Size  Dependent  Optical  Scattering  Losses 

f  ie7  inr  cor ' hjec,ion  ^ 

output  mim)r  power  transmissio^l  ^Zo^L  T"  ^  ** 

mainly  to  free -cal7 a^lZ  Id  1"  JT*?*** 

are  absent  in  large  devices).  epe”  ent  excess  losses,  L$  (which 

L*t=‘LB4+Ls  (214) 

ksct:  — ■  - 

"^-olSpr^ 

essentially  no  optical  guidine  So  SS  °PtlCal  Iosses’  hut  they  provide 

begin  witti.  Asa  lesult  l  r,  "!  Cann°*  eVe"  Conf!ne  *™U  -nodes  to 

a  small  implant  radius  For  etched"*  ..mCreaaes  sl8mfieantty  jn  devices  with 
modal  mismatch  occurs  who  7  "**  apertured  -he 

functions  for  T V  T  ra^“d*  (»Hh  Bessel 

Gaussian  modes).  The  scatterinu  In'  fi.3**  Ungulded  re8-°n  (with  Hermite 
pillar  structures  (also  called  diffract'  1  °m  modai  mismatch  in  the  etched 
theoretically  by  Bahic(6).  ExpTmeT^ 

mismatch  is  not  as  severe  compared  to  scaLinu  from  u  m0dal 
sidewalls  as  confimed  by  Thibeault's  ml  roughness  at  pillar 

y  i  nibeault  s  measurements  on  VCSELs  etched  to 
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different  depths[l].  And  an  extensive  discussion  of  scattering  losses  due  to 
modal  mismatch  apertured  VCSELs  and  experimental  measurement  of  losses 
will  be  given  in  the  Chapters  4  and  6.  For  now,  let’s  just  look  at  the 
consequences  of  excess  losses. 


(a)  (b) 

Figure  2-4:  Optical  scattering  loss  mechanisms  from  roughness 
(straight  arrows)  and  from  modal  mismatch  (curved  arrows) 
for  (a)  an  index  apertured  structure  and  for  (b)  an  etched  pillar 
structure.  Chapter  4  provides  further  discussion  of  (a). 

The  excess  optical  losses  which  are  a  combination  of  these  scale  approximately 
as 


In  etched  pillar  devices,  this  size  dependence  is  measured  experimentally  and 
expected  theoretically  from  both  modal  mismatch  [6]  and  roughness  [7]  in 
etched  pillars  devices.  (Babic  estimates  the  size-dependence  of  sidewall 
scattering  losses  by  examining  a  corrugated  waveguide  in  [7]).  For  index 
apertured  devices,  the  scaling  law  is  less  accurate,  but  still  roughly  true  in  both 
theory  and  experiment  (as  discussed  in  Chapters  4  and  6). 

The  key  point  for  now  is  that  these  scattering  losses  increase  rapidly  below  a 
characteristic  radius.  Once  the  losses  turn  up,  other  device  characteristics 
quickly  degrade.  Increased  losses  not  only  mean  a  lower  slope  efficiency,  but 
also  an  exponentially  higher  threshold  (Jjff~Qxp(Ls))-  This  higher  current  in 
the  active  region  in  turn  leads  to  increased  lateral  leakage  current  and  further 
increase  in  threshold. 
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Za, back8round  ,osses' 

this  radius  is  around  2um  but  with  the  i  '°n  Ulde!t  apertured  devices 
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MTh 


•Y  +  R'J&JbaIo 


=  some  constant  +  R( some  other  stuff) 


(2-16) 


This  scaling  is  very  similar  to  the  scaling  of  the  leakage  due  to  diffusion  under 
the  assumption  of  no  current  spreading.  Since  both  mechanisms  involve  flow 
out  the  edge  of  the  device  one  expects  some  scaling  with  device  perimeter. 
Thus,  it  is  hard  to  separate  their  effects  when  fitting  the  size  dependence  of  the 
threshold  current.  On  the  other  hand,  this  means  it’s  easy  to  fit  any  kind  of 
leakage  current  with  a  single  size-dependence. 


Figure  2-6:  Lateral  leakage  from  spreading  of  the  current  between  the 
active  region  and  the  aperture  and  diffusion  of  carriers  in  the 
active  region 


It  may  appear  as  though  current  spreading  above  the  active  region  would  mean 
that  above  threshold  one  is  also  wasting  current  laterally  and  the  injection 
efficiency  should  go  down.  However,  the  analysis  in  Chapter  5  and 
experimental  evidence  in  Chapter  6  will  show  that  because  the  diodes  in  the 
active  region  clamp,  this  is  not  the  case.  Only  a  small  decrease  in  the  injection 
efficiency  is  expected. 

In  the  case  that  current  spreading  is  significant  then  the  carrier  density  injected 
into  the  active  region  already  has  a  much  smaller  gradient  than  would  exist  if 


48 


Chapter  2:  Scaling  of  VCSEL  Parameters 

cun-enc  spreading  were  absent.  Consequently,  lateral  carrier  diffusion  should 
be  low  However,  if  current  spreading  above  the  active  region  can  be 
eliminated  then  the  gradient  in  the  injected  earners  is  much  larger  so  the 

the  2  “  (f°rge,,ta8  ab0“  °P,iCal  “““*■«  '°^)  is  limited  by 

the  diffusion  of  earners  in  the  active  region. 

IfeeT 2®  °J(h^ffl‘si0n  ama't  “»  >*  approximately  from  solving 
he  equations  for  diffusion  and  recombination  in  the  region  r>R  which  does  not 
have  any  injected  current: 

Ir  ~  -qDt(2nr)  — 
dr 

dl  „  (2-17) 

±".  /r  ;,S.  ^  radial  cu,Tent'  ' is  totems  of  the  layer  with  the  carrier 
diffusion  (die  quantum  well  or  SCH  thickness),  D  is  the  diffusion  constant  and 

reLri6  reCombma“on  Ume  tesumed  independent  of  n).  The  equations  can  be 

ob™"  m  3  ^  C°°rdina,e  r"=r,L°’  where  W*)“  One  then 

A +1)  (2.18) 

where  ^Arti/Io  and  ^  and  K,  are  the  modified  Bessel  functions  of  the  2- 

*  aPProximate  «pression  on  the  right  holds  although  as 

•  N  l(  N)/Ko(Xn)-*0.  To  really  be  accurate,  one  must  use  the  correct 

fr2eihCOnCCntrat,°”  “  R  WhiCh  "  Smail  Si2e  R~L°  may  differ  3  fair  amount 
from  the  earner  concentration  in  the  center.  However,  the  approximations  of 

kT,0,”k  7“°n  “d  diffi“i0n  conslanl  Wn*  independent  of  n  are 
mint  y '  ,3  ™°U8h  that  pursuing  grealcr  accuracy  within  this  model  is  a 
“  P°" "  , .  ™eumam  ntessage  here  is  that  the  excess  current  at  threshold 
scaks  roughly  with  R !  +  (some  constant),  which  is  similar  to  the  scaling  of  the 
rnrent  spreading.  The  other  point  to  consider  is  that  when  reasonable 
diffusion  constants  are  chosen  5-20cmVsec,  then  the  diffusion  current  is 
typically  much  less  than  the  current  spreading  assuming  some  average 

'“and?"  d,SCUSSi°n  a"d  eXamP,eS  °f  *  g'ven  in 
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Removing  lateral  carrier  diffusion  is  a  difficult  problem  for  VCSELs  which 
will  not  be  addressed  in  this  thesis.  Already  millions  of  dollars  have  been 
spent  at  UCSB  trying  to  remove  lateral  carrier  diffusion  in  VCSELs  without 
major  success  but  perhaps  regrowth  is  the  most  likely  candidate  for  solving  this 
problem. 

Impact  of  Optical  Scattering  loss  and  Current/Carrier  leakage: 

Figure  2-7  compares  how  the  various  optical  and  electrical  loss  parasitics  will 
effect  the  scaling  of  the  threshold  current.  Realistic  numbers  were  chosen  as 
detailed  in  Table  2-2  (e.g.  the  scattering  loss  is  approximately  that  from  an 
80nm  thick  oxide  aperture  in  the  first  mirror  period),  but  the  curves  are 
presented  mainly  to  show  how  they  change  qualitatively. 


Figure  2-7:  Scaling  of  threshold  with  various  parasitics 

For  example,  only  excess  optical  losses  can  cause  the  curves  to  turn  up  at  small 
sizes  (This  fact  does  not  imply  that  if  a  measured  IjH  vs  &  curve  does  not  turn 
up  that  there  are  no  excess  optical  losses,  but  the  converse  is  true.) 


50 


Chapter  2:  Scaling  of  VCSEL  Parameters 

For  the  wall-plug  efficiency,  we  expect  under  ideal  scaling  that  smaller  devices 
will  be  better  for  at  lower  powers  and  that  the  wall-plug  efficiency  should  be 
higher  at  lower  powers  (using  the  optimum  device  size)  provided  the 
resistance,  Rg~l/R.  Figure  2-8  shows  what  happens  when  we  have  parasitics. 
To  generate  the  curves,  the  wall-plug  efficiency  vs.  size  was  calculated  for  a 
given  output  power,  then  the  optimum  size  for  a  given  output  power  and  the 
corresponding  wall-plug  efficiency  was  found.  The  parameters  and  equations 
of  model  are  pretty  simple  and  shown  in  Table  2-2.  The  scaling  of  resistance  is 
better  than  in  the  devices  measured  in  this  thesis  and  represents  what  might  be 
characteristic  if  optimized  carbon  doping  was  used.  The  current  spreading 
parameter  was  chosen  to  be  characteristic  of  the  best  performing  devices  in  this 
work.  But  again,  let’s  first  explain  the  plot  qualitatively. 

In  general,  the  optimum  radius  is  smaller  as  the  output  power  is  lower.  But 
when  scattering  losses  occur,  the  slope  efficiency  drops  rapidly  below  a 
particular  radius  (in  this  case  2pm),  this  forces  the  optimum  device  sizes  to  be 
larger  than  this  radius.  When  scattering  losses  are  eliminated,  but  current 
spreading  remains,  then  the  optimum  radius  is  slightly  lower  than  the  ideal 
case  because  it  is  still  advantageous  to  shrink  the  size  for  lower  threshold 
(Though  resistance  increases  slightly  over  the  ideal  case  this  is  less  of  an  issue 
at  larger  sizes). 

The  main  point  to  take  from  Figure  2-8  is  that  the  optimum  radius  is  <~3pm, 
for  output  powers  below  lmW  and  that  at  these  small  sizes  eliminating 
parasitics  has  a  large  effect  on  the  wall-plug  efficiency  obtained.  Essentially 
removing  excess  optical  losses  and  reducing  current  spreading  is  important  for 
improved  efficiency  at  output  powers  <lmW.  We  only  showed  the  case  of 
RE-MR;  so  we  should  remember  that  the  ideal  scaling  curve  in  Figure  2-8b 
would  be  flat  if  Re~1/R2. 


@  Optimum  Radius  Radius  for  highest  n  (pm) 
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Figure  2-8:  Effect  of  current  spreading  and  scattering  losses  on  the 
optimum  size  for  the  highest  r|wp  and  its  value  vs.  power 
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Ls  =  0.3(%RT)(^/  R0  )-2'7 

R0  =  2pm 

J ACT  ~  J BA  exP (As  !G0) 

I  ACT  =  J ACT  xR1 

G0  =  1 .06%  RT  (for  3  -  8nm  InGaAs  wells) 
J ba  ~  5 00 A/cm  2 

JTH  =IACT+Io/2  +  ylhcTIo 

1 0  =  100/rA 

T 

Vex  Vi  T  ,  , 

t  +  lba  +  As 

T  =  0.7%RT,  Lba  =  0.2%RT 

Vi  =  0.9 

f  =  Pout  /{Vex^p)+  Ith 

Vp  =1.26 

re=c/r 

V  =  Vd+IRe,tjwp=Pout/(vi) 

C  =  684Q  -  pm 

VD  =  1.3volts 

Table  2-2:  Relations  and  parameters  for  calculations  in  Figure  2-7  and 
Figure  2-8 


Resistance-Capacitance  Speed  Limit 

A  barrier  to  the  higher  modulation  bandwidth  expected  in  smaller  VCSELs  is 
their  higher  resistance  in  combination  with  the  capacitance.  However,  we 
should  note  that  one  must  consider  the  dynamic  resistance  which  is  affected  by 
the  amount  of  capacitance.  Figure  2-9  shows  why.  Either  in  intracavity 
contacted  or  mirror  contacted  devices,  the  RC  limit  is  given  by  the  source 
resistance,  Rg,  in  series  with  the  dynamic  resistance,  Rf),  times  the  dynamic 
capacitance,  CD  i.e.  x=(R  TDCd)=(Rd+Rs)CD-  If  the  frequency  is  high 
enough  then  the  resistance,  Rf),  one  encounters  is  pretty  low,  since  the  current 
will  be  flowing  straight  down  to  the  aperture.  In  an  intracavity  contacted 
device  there  are  no  mirror  periods  to  go  through  so  the  Rp>  at  high  frequency  is 
even  lower.  In  this  case  the  total  dynamic  resistance  at  high  frequency  is 
RTLrRs=50-  no  matter  how  small  the  aperture  is.  For  the  case  of  a  mirror 
contacted  pillar  of  radius,  Rp,  at  high  frequency  the  time  constant  x  becomes 
frequency  independent  because  ( C]y~~Rp2)(R]y~~\/Rp2  +  R§y — (constant  +  R p^\ 
In  both  cases,  the  high  frequency  limit  still  depends  on  the  pillar  radius  because 
of  the  capacitance  in  combination  with  the  source  resistance.  Thus,  reduced 
capacitance  with  thicker  layers  or  less  area  is  somewhat  more  important  than 
reduced  resistance  (as  far  as  the  maximum  3dB  bandwidth).  Of  course  for 
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impedance  matching  to  avoid  reflections  over  long  transmission  lines,  the 
dynamic  resistance  is  very  important. 


Figure  2-9:  Contours  of  (a)  DC  and  (b)  AC  current  flow  in  an  apertured 
structure 

Conclusion: 

In  this  chapter,  we  first  examined  what  benefits  one  obtains  by  ideal  scaling  i.e. 
being  able  to  maintain  a  constant  JfH  and  Hex  as  device  size  shrinks.  Not  only 
is  the  threshold  lower  as  size  is  reduced,  but  also  the  wall-plug  efficiency  is 
higher  at  lower  powers,  and  even  the  operating  voltage  and  operating 
temperature  (at  the  optimum  operating  power)  can  be  lower  despite  increased 
electrical  and  thermal  resistance  that  comes  with  smaller  sizes.  Furthermore 
the  peak  power  density,  the  MCEF  and  the  maximum  -3dB  bandwidth  are  also 
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higher  in  smaller,  properly  scaled  devices.  Finally,  when  array  yield  depends 
on  wafer  defect  density,  smaller  devices  are  advantageous. 

Unfortunately,  all  these  benefits  are  not  realized  in  actual  devices  due  to  optical 
scattering  losses,  current  and  carrier  leakage.  Removing  these  parasitics  is 
especially  important  for  improved  wall-plug  efficiency  at  powers  <lmW, 
which  is  needed  for  denser  arrays  for  free-space  interconnect  schemes  as 
described  in  Chapter  1 . 

This  chapter  already  outlined  some  of  the  parasitics  including  their  magnitude 
and  their  impact  on  device  performance.  However,  the  understanding  of  the 
effects  rest  upon  the  analysis  of  actual  devices  and  the  theoretical  models  that 
confirmed  those  hypotheses  .  Essentially,  many  of  the  comments  made  in  this 
chapter  about  parasitics  in  apertured  VCSELs  would  not  have  been  possible 
without  the  theoretical  and  experimental  analysis  of  the  size  dependence  of 
device  parameters  that  is  to  be  described  in  the  following  chapters,  and  others 
analysis  of  their  own  devices  using  the  models  which  have  yet  to  be  presented 
fully  within  this  work. 
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Chapter  3 : 

Vertical  Design  Issues 


Probably  the  most  important  part  of  VCSEL  design  is  not  the  lateral  current 
and  optical  confinement  method,  but  the  design  of  the  layer  structure  (in  terms 
of  the  doping,  layer  composition,  number  of  wells,  and  number  of  mirror 
periods)  for  improved  performance  of  all  sizes  of  devices.  Most  of  the  basics 
(i.e.  figuring  out  mirror  transmission,  and  the  quantum-well  gain  model)  have 
been  covered  very  well  elsewhere,  so  here  we  will  just  summarize  some  issues 
and  focus  on  a  few  points  not  emphasized  by  other  descriptions. 

Loss  and  Gain 

The  biggest  constraint  in  the  VCSEL  vertical  design  is  the  background 
absorption  due  to  the  doping.  Typically,  this  value  is  0.2-0. 3%'  round-trip  at 
~1000nm  in  AlGaAs  mirrors  with  reasonable  doping  whether  you  use 
intracavity  contacts  or  not.  And  it  is  difficult  to  change  this  value  by  any 


1  Dapkus’s  group  has  done  a  careful  loss  measurement  in  low-doped  devices  and 
obtained  0.14%  round-trip  loss[l],  and  this  is  also  the  value  estimated  for  the  best  devices 
presented  in  this  thesis. 
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significant  factor.  This  amount  of  loss  dictates  the  output  mirror  transmission 
should  be  0.5- 1.0%  for  reasonable  slope  efficiency,  which  in  turn  dictates  the 
number  of  InGaAs  quantum  wells  should  be  three  in  order  to  have  enough  gain 
(unless  the  device  is  operating  at  77K,  in  which  case,  just  one  well  is  enough  to 
provide  1%  round-trip  gain[2]!).  For  four  wells  the  enhancement  factor  goes 
down  so  each  well  is  still  operating  at  almost  the  same  gain  per  well  as  for 
three  wells.  These  basic  design  issues  are  described  well  in  Chapter  5  of  Scott 
Corzine’s  thesis[3],  Section  2.7  of  Randy  Geel’s  thesis[4].  Appendix  D  of  Jeff 
Scott  s  thesis[5],  and  Section  2.1  of  Brian  Thibeault’s  thesis[6]. 

Comment  on  value  of  absorptive  loss 

The  absorption  for  GaAs  at  980nm  we  have  commonly  quoted  over  the  years  at 
UCSB  has  been  11cm'1  per  10'W'3  for  p-type  material  and  5cm'1  per  10'W'3 
for  n-type  material  for  X~lpm[5,  7-10].  However,  the  p-type  value  is  not 
strongly  based  on  measurement,  and  I  will  summarize  others  discussion  in 
order  to  question  the  folklore.  In  Chapter  5  of  his  thesis[3],  Corzine  has  a 
scatter  plot  of  various  measured  values  for  absorption  at  various  doping  levels. 
Although  the  values  measured  for  n-type  material  suggest  that  an  approximate 
linear  relationship  between  concentration  and  absorption  is  valid  and  the 
commonly  quoted  constant  5  cm'1  per  10'W'3  fits  others  results  (including  the 
measurements  presented  below  of  transmission  through  n-substrates),  the 
absorption  data  for  p-type  material  is  scattered.  In  fact  the  single  measured 
value  near  a  hole  concentration  of  1  10'W3  (and  X=950nm)  is  17  cm^ll] 
But  this  value  is  higher  than  that  measured  at  1.3pm  which  is  contrary  to  the 
trend  of  higher  intervalence  band  absorption  at  longer  wavelengths  (See 

I'4*1  0f  Babic’s  ^sPO]).  So  while  the  folklore  value  of  11cm' 
10  cm  may  not  have  been  directly  measured,  it  isn’t  necessarily  wrong. 
And  at  1.55pm,  Babic’s  compilation  of  data  does  show  a  “clean” 
approximately  linear  trend  of  absorption  with  hole  concentration  at  1.55pm.  In 
any  case,  these  values  need  some  error  bars. 

Growth  Tolerances 

By  growing  a  wavelength  calibration  sample  before  the  laser,  most  MBE 
growths  at  UCSB  are  within  ±1%  of  the  design  wavelength.  (The  use  of 
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calibration  samples  before  MOCVD  growth  have  provided  ±0.6%  thickness 
control[12]).  But  occasionally  due  to  redistribution  of  recently  loaded  source 
material  (which  seems  to  be  more  trouble  in  smaller  hot-lipped  effusion  cells) 
or  simply  due  to  lack  of  source  material  shifts  of  -7%  to  +2%  from  the  design 
wavelength  can  occur,  if  you’re  unlucky.  Structures  with  shorter  oxide  mirrors 
more  likely  to  come  closer  the  design  thicknesses  (hitting  the  design 
wavelength  of  course  depends  upon  oxidation  conditions  which  are  beyond  the 
grower’s  control)  because  the  cavity  is  grown  closer  in  time  to  the  calibration 
sample.  With  proper2  white  light  in-situ  monitoring  ±0.5%  thickness  control  is 
possible[6].  The  control  of  the  thickness  is  not  only  important  for  the  lasing 
wavelength,  but  can  be  intolerably  important  for  the  thickness  of  the  DBR 
periods  away  from  the  active  region  when  the  index  step  is  small. 
Consequently,  increasing  the  A1  fraction  from  70%  to  90%  in  the  top  DBR 
helps  reduce  the  problem  of  the  parasitic  transmission  in  bottom  emitting 
structures.  (And  colder  growth  has  allowed  Be  doping  of  the  90%  A1  layers 
and  discussed  in  Chapter  6.) 

The  other  constraint  in  VCSEL  growth  is  control  over  the  wavelength  of  the 
gain  peak  of  InGaAs  quantum  wells.  Typically,  reproducing  the  desired 
wavelength  photoluminescence  is  relatively  easy  compared  to  the  wavelength 
because  the  same  In  cell  temperature  gives  nearly  the  same  growth  rate  (at  least 
it  is  more  trustable  sometimes  than  InGaAs  RHEED  on  GaAs). 

Substrate  loss: 

While  bottom  emitting  (through  the  substrate)  configurations  are  convenient 
for  flip-chip  bonding,  substrate  losses  can  drain  some  of  the  output  power  in  an 
otherwise  efficient  device.  P-substrates  are  generally  lossy  enough3  that  they 


2  For  the  in-situ  monitor  to  work,  the  light  should  be  centered  on  the  sample  and  the 
sample  temperature  must  be  known.  Sometimes  centering  is  difficult  to  achieve  during 
the  growth  interruption,  depending  upon  the  angle  of  the  substrate  holder,  because 
monitoring  is  normal  to  the  surface.  A  more  robust  design  would  have  the  monitor 
permanently  fixed  outside  the  chamber  (perhaps  through  ellipsometry  ports)  so  the 
measurement  angle  and  position  on  the  substrate  is  fixed  and  only  the  substrate  angle  is 
adjusted. 

3  p  substrates  with  moderate  doping  are  difficult  to  obtain  and  those  with  high  doping 
(~5el8 /cnr^)  transmit  only  10%atX=lpm  [10]. 
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are  not  even  considered  for  substrate  emitting  devices,  but  even  n-substrates 
have  enough  loss  that  it  is  desirable  to  avoid  them  and  make  an  n-intracavity 
(or  p-intracavity,  if  you  grow  your  device  p-side-down)  contact.  To  measure 
the  loss,  one  can  take  different  wafers  and  examine  the  reflection  from  the 
bottom  using  a  spectraphotometer.  We  can  even  examine  the  wafers  post- 
VCSEL-growth  (by  looking  at  the  reflection  within  the  stop-band  of  the  DBR) 
in  order  to  characterize  the  material  instead  of  contaminating  good  epi-ready 
wafers.  For  VCSEL  epi,  the  reflection  can  be  normalized  to  the  reflection  from 
the  top  of  the  structure.  Because  of  the  substrates’  thickness  and  the  linewidth 
of  the  spectraphotometer,  the  internal  reflections  add  incoherently  i.e. 


Rr  =R{  +(\-R1)2TsR2 


1  +  *i  *2t,2 +(RiR2Ts2J 


(3-1) 


Adding  these  up,  you  get  the  following  formula: 


TS  = 


Rt  ~  R\ 


(l-Ri)2R2  +RlR2(RT-Ri ) 


1/2 


(3-2) 


where  Rj  is  the  total  reflection  from  the  bottom  of  the  substrate,  R2  is  the 
reflection  from  the  top  surface  (~l  in  the  stopband  of  a  VCSEL),  R{  is  the 
reflection  from  the  substrate/air  interface  and  TS  is  the  substrate  transmission 
(All  values  are  power  reflection/transmission  coefficients.)  Figure  3-1  shows 
what  the  symbols  mean,  and  Figure  3-2  plots  the  relationship  between  Rj  and 
Ts  for  the  case  of  a  Rl=0.3 1  and  R2=  1 . 


The  bottom  line  is  that  n-substrates  only  transmit  65-80%  of  the  light 
depending  on  the  doping  which  varies  even  among  wafers  cut  from  the  same 
crystal  (lower  wafer  numbers  for  wafers  from  MCP  usually  have  lower 
doping).  This  transmission  corresponds  to  an  absorption  of  5.6  cm'1  to  11  cm'1 
and  this  is  consistent  with  the  usual  estimates  for  loss  in  n-type  material  given 
that  the  wafers  were  specified  to  be  Si  doped  between  1  and  2xl018cm'3.  On 
the  other  hand,  SI  wafers  transmit  87%.  So  you  can  get  a  improvement  in 

slope  and  wall-plug  efficiency  of  as  much  as  30%  by  using  the  SI  substrates  for 
bottom-emitting  devices. 
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Bottom  of  Top  of 

substrate  substrate 

Figure  3-1:  Schematic  of  reflections  within  the  substrate 

Contacting  Scheme 

Simply  from  the  point  of  view  of  substrate  loss,  n-intracavity  (or  more 
generally,  bottom-intracavity)  contacts  look  attractive  for  bottom  emitting 
devices.  Although  intracavity  contacts  allow  one  to  bypass  the  mirrors 
typically  one  needs  highly  doped  thick  3X/4-5X/4  layers  and  these  layers,  if 
placed  near  the  active  region,  add  a  considerable  amount  of  loss  (in  addition  to 
increasing  cavity  length).  One  can  bring  these  layers  a  few  periods  back  to 
avoid  the  loss  (and  avoid  a  longer  cavity)  or  one  can  devise  an  intracavity 
contacting  scheme  to  avoid  these  thick  layers4  or  one  can  pump  through  the 
mirror.  For  the  p-mirror  (or  top  mirror,  in  general)  this  has  the  advantage  that 
you  have  a  big.  area  to  contact  before  the  current  gets  funneled  into  the 
aperture.  Chapter  2  of  Brian  Thibeault’s  thesis  has  a  good  discussion  of  the 
trade-offs  in  loss  and  voltage  for  single,  double,  and  no  intracavity  contacts. 
The  analysis  leads  to  the  general  conclusion  that  a  p-top  contact  and  n- 
intracavity  contact  will  provide  the  optimum  configuration,  and  in  practice, 
devices  with  large  area  (20-50pm  diameter)  p-top  contacts  have  yielded  the 


4  Instead  of  only  using  reactive-ion  etching  to  reach  the  p-intracavity  contact,  one  could 
use  a  combination  of  both  RIE  and  selective  wet  etching  with  citric/peroxide  to  reach  the 
p-contact  Then  a  thick  undoped  layer  can  be  placed  above  the  contact  layer  to  stop  on 
using  RIE  and  then  the  wet  etch  used  to  stop  right  at  the  top  of  the  p-GaAs  allowing  use 
of  a  much  thinner,  highly  doped  layer  (placed  ideally  at  the  null,  if  you  shift  the  usual 
AlGaAs/GaAs  interface) 
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highest  wall-plug  efficiencies.  Although  fewer  have  been  made,  p-side  down 
VCSELs  are  showing  comparable  to  better  performance  than  n-side  down[13]. 


reflection  from  substrate 


Figure  3-2:  Relationship  between  substrate  transmission  and  reflection 
from  the  bottom  for  a  GaAs  substrate  with  a  top  mirror  of 
reflectivity  ~1. 

Because  of  the  easier  processing  of  p-top  contacted  devices,  p-intracavity 
contacts  are  typically  not  worth  the  effort  except  in  two  cases:  devices 
operating  at  low  temperature  (77K)[2]  where  the  thermionic  emission  is  low 
and  WDM  VCSEL  arrays  employing  dielectric  mirrors  to  widen  the  mirror 
stop-band  (and  hence)  the  tuning  range[14].  Initial  designs  used  in  this  work 
did  not  employ  any  intracavity  contacts,  simply  for  easier  processing.  But 
optimized  designs  used  an  n-intracavity  contact  which  was  placed  a  few  mirror 
periods  into  the  bottom  DBR.  (We  will  discuss  the  designs  in  more  detail  in 
Chapter  6.) 
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Mirror  Doping/Grading  Scheme 


Lower  Resistance  vs.  Higher  Loss 

A  major  trade-off  in  VCSEL  design  is  the  device  resistance  vs.  the  optical 
absorption.  The  resistance  of  the  DBR  is  roughly  inversely  proportional  to  the 
doping  (assuming  you  can  properly  engineer  the  interfaces  to  remove  the 
voltage  drop),  and  the  loss  is  roughly  proportional  to  the  doping  (or  more 
precisely,  to  the  free  carrier  density).  So  a  nice  figure  of  merit  for  a  design 
might  be  the  resistance-loss  product.  And  it  turns  out  to  be  a  good  one  (if  you 
can  be  a  little  generous  with  approximations). 

Consider  the  wall-plug  efficiency  which  varies  with  device  resistance,  output 
coupling,  drive  current,  etc.  Aside  from  the  injection  efficiency,  diode  turn-on 
voltage  and  photon  energy,  it  can  be  shown  that  the  rest  of  parameters 
controlling  the  maximum  wall-plug  efficiency  can  be  wrapped  up  into  a  single 
parameter  called  the  loss-voltage,  Vi\\5]  Vp  is  the  excess  voltage  drop  due  to 
optical  losses  alone,  and  the  wall-plug  efficiency  always  increases  for  smaller 
Vp.  This  voltage  drop  is  proportional  to  the  resistance  of  the  device  and  the 
change  in  threshold  due  to  losses.  But  the  change  in  threshold  due  to  loss  is 
linear  with  loss5.  So  Vp  is  proportional  to  the  resistance-loss  product. 
Consequently,  to  maximize  wall-plug  efficiency  one  needs  to  minimize  the 
resistance-loss  product. 

Minimizing  resistance  and  loss  for  the  whole  mirror 

Assuming  pumping  through  the  mirror  is  employed,  one  needs  to  choose  an 
average  level  of  doping  between  the  mirror  interfaces  and  try  to  reduce  the 
mirror  interface  resistance.  The  field  intensity  is  stronger  closer  to  the  active 
region;  so  intuitively  it  would  be  better  to  lower  the  doping  in  this  region  and 
increase  the  doping  for  the  upper  mirror  periods.  (See  Figure  3-3) 


5  To  a  first  order  approximation.  Of  course  everything  varies  linearly  to  first  order,  but 
the  point  is  that  the  first  order  term  is  significant. 
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Suppose  the  first  five  mirror  periods  (about  equal  to  one  mirror  penetration 
depth,  Lm)  are  doped  (on  average)  at  a  low  level  and  the  upper  periods  are 
doped  (on  average)  at  a  higher  level.  What’s  the  optimum  ratio  between  the 
doping  in  the  high  doped  vs.  the  low  doped  region?  The  answer  is  about  a 
factor  of  three. 


P-Mirror  Design 
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Figure  3-3:  Relative  field  intensity  in  the  top  mirror  of  a  VCSEL. 

To  deduce  this  factor,  we  will  assume  that  we  have  two  doping  schemes  for  a 
mirror  period.  One  design  with  a  factor /lower  resistance  than  the  other,  and 
we  will  assume  the  doping  designs  are  optimized  so  that  they  have  the  same 
loss-resistance  product  averaged  over  one  mirror  period  (This  isn’t  a  bad 
assumption  as  we’ll  see  in  the  next  section.) 


Low  Doped  Region 

Loss  =/'£// 

Resistance= fRff 

High  Doped  Region 

Loss  =  £// 

Resistance=  Rff 

Because  —2/3  of  the  optical  power  is  the  first  fifth  ol 
resistance  product  for  the  whole  mirror  is  given  by: 

lr=^Alh  /  f)+xALH]y5RH  +ys(jRf 

=  £„Aw[2/(3/)+^+//5] 


the  mirror,  the  loss- 
)] 


(3-3) 
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The  factors  on  the  right  reaches  a  maximum  for  f=3. 


We  can  take  this  analysis  a  step  further  and  assume  we  have  an  arbitrary  field2 
distribution,  O (z),  and  ask,  if  the  loss-resistance  product  were  always  a 
constant,  Qq,  at  a  particular  location,  but  you  could  vary  the  loss  (or  the 
resistance)  profile  what  should  the  relative  distribution  of  loss  a(z)  look  like? 
We  would  want  to  minimize  the  loss-resistance-product  over  the  whole  length 
of  the  device: 


Q/  - 


a  Y  l  Q  a 

ja(z)Q>(z)dz  j — —dz 


Vo 


Ao 


a{z) 


(3-4) 


To  solve  for  the  function  a (z)  such  that  Q £  is  minimized,  we  can  use 
symmetry  arguments  to  make  a  good  guess  and  then  use  the  calculus  of 
variations  to  prove  it.  The  answer  is: 

(3-5) 


a(z)  =  Q0/  +  -J<&(z) 


Number  of  periods  into  DBR 


Figure  3-4:  Relative  FieldA2  (ignoring  standing-wave  effects)  in  a  DBR 
along  with  the  ideal  relative  loss  distribution  for  the  minimum 
loss  resistance  product  and  a  two-step  approximation 
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For  the  case  of  a  field  decaying  exponentially,  then  the  relative  loss  should  be 
increasing  exponentially  at  half  the  decay  rate  or  doubling  about  every  seven  to 
eight  periods  (for  an  AlGaAs/GaAs  DBR).  Figure  3-4  compares  this  result 
with  the  earlier  two-step  approximation.  (Perhaps  three  steps  would  be  worth 
the  effort.)  And  Table  3-1  compares  the  relative  improvement  in  the  loss- 
resistance  product  for  a  mirror  six  penetration  depths  long. 


Doping/Period  over  length  of  DBR 

Entire  Mirror  Loss  Resistance 

Uniform 

Two-Step  (Low  then  high) 

0.78  Qlu 

“Ideal”  -  exp(z/(2LJ) 

0.66  Qlu 

Table  3-1 :  Comparison  of  relative  doping  for  the  whole  mirror 


Another  doping  (or  carrier)  profile  to  calculate  is  for  a  thick  section  of  material 
with  uniform  index  (like  a  contact  layer)  with  an  intensity  distribution,  sin2(fc). 
Here  the  doping  should  vary  proportional  to  l/|sin(fc)|.  Of  course,  all  our 
assumptions  about  loss  vs.  doping  and  resistance  vs.  doping  fail  at  the  zeros  of 
the  sine  function,  but  we  can  ignore  values  above,  say  20,  and  then  have  a 
useable  distribution. 

Aside  from  problems  of  Be  dopant  diffusion,  the  time  to  change  dopant  cell  or 
carbon  filament  temperature  (order  of  ~1  minute)  makes  such  precise 
continuous  variations  impractical  (though  step  variations  over  longer  distances 
of  ~0. 1  pm  as  in  the  first  example  are  realistic).  However,  by  using  “digital” 
doping  or  by  using  a  quickly  tunable  gas  source  for  carbon  doping,  more  fast 
and  precise  changes  in  doping  level  may  be  possible. 

Traditional  design:  Minimizing  resistance  within  a  p-mirror  period 
(Valence  band  engineering) 

Much  previous  work  at  UCSB[7,  16]  has  focused  on  engineering  a  flat  valence 
band  around  the  mirror  heterointerfaces  with  more  regard  for  minimizing 
voltage  than  loss.  Here  one  designs  the  junction  with  the  philosophy  that  the 
potential  created  by  the  change  in  the  doping  profile  should  cancel  the  potential 
barrier  created  by  the  bandgap  change.  For  a  uniformly  p-doped  heteij  unction 
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between  GaAs  and  AlGaAs  a  depletion  of  holes  occurs  on  the  AlGaAs  side  and 
an  accumulation  of  holes  occurs  on  the  GaAs  side.  To  fix  this  problem,  the 
junction  is  graded,  extra  doping  is  added  to  the  AlGaAs  side,  and  doping  is 
lowered  (or  even  made  n-type)  on  the  GaAs  side.  If  the  valence  band  were  flat, 
the  free  carrier  distribution  would  be  uniform.  So  one  designs  the  distribution 
of  excess  ionized  dopants  (The  excess  being  the  difference  between  the  doping 
level  and  the  carrier  concentration  -  which  should  be  uniform  and  equal  the 
average  concentration.)  so  that  the  potential  created  by  these  charges  exactly 
cancels  the  potential  change  in  the  bands. 

A  now  common  scheme  (investigated  experimentally  by  Peters[7])  is  to  bi- 
parabolically  grade  the  junction  and  use  square  doping  profile  (as  we  will  see 
later  in  this  section).  One  may  also  linearly  grade  the  junction  and  use  delta¬ 
doping.  However,  in  a  mirror  with  many  periods,  the  use  of  delta-doping  may 
create  a  significant  disturbance  to  the  lattice  and  is  suspected  of  damaging 
material  during  high  temperature  anneals[9].  Straining  of  the  lattice  is  worse 
for  carbon  than  for  beryllium[17],  and  is  suspected  of  exacerbating  roughness 
in  DBR  mirrors  doped  using  a  carbon-filament[7].  Thus,  designs  in  this  work 
did  not  use  delta-doping. 

The  schemes  for  creating  a  flat-valence  band  generally  produce  a  uniform 
carrier  density.  However,  we  know  the  standing-wave  pattern,  that  this  is  not 
what  we  want!  In  addition,  from  the  point  of  view  of  lateral  conductivity, 
accumulations  in  the  hole  concentration  are  good.  Intuitively  we  expect 
improvements  by  higher  doping  where  the  standing-wave  is  weakest.  In  the 
following  sections,  we  aim  to  quantify  what  doping  profiles  are  necessary  and 
what  improvements  they  make. 

Loss  and  Resistance  within  a  p  mirror  period 

To  compare  different  designs,  it  would  be  handy  to  use  the  loss-resistance 
product  across  a  mirror  period.  However,  an  accurate  model  of  the  resistance 
is  rather  complicated.  Programs  like,  Sim  Windows,  provide  one  though  the 
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assumptions  are  not  clear  and  the  results  are  sometimes  suspicious6.  On  the 
other  hand,  solving  Poisson’s  equation  for  the  steady-state  carrier,  field  and 
potential  distribution  is  a  problem  more  clearly  defined  and  relatively 
straightforward  (and  can  be  verified  by  several  programs).  Perhaps  the  most 
simplistic  model  for  the  resistance  of  a  mirror  period,  Rm,  is  to  simply 
integrate  the  resistivity: 


R 


1 


m 


q/u(x)p(x) 


-dx 


(3-6) 


where  p(z)  is  the  hole  concentration  from  the  solution  of  Poisson’s  equation, 
p(z)  is  the  mobility  and  Lp  is  the  length  of  a  mirror  period.  At  a  first  glance, 
this  model  appears  distastefully  simple.  We  have  ignored  diffusion  current  and 
the  heterobarriers.  But  the  latter  claim  is  not  quite  true.  The  heterobarriers 
will  cause  depletion  of  charge  (accounted  for  by  the  Poisson  solver)  which  will 
appear  as  increased  resistance.  In  fact,  if  the  integral  of  the  free  carrier  density 
is  fixed,  then  the  carrier  distribution  to  minimize  Rm  (ignore  mobility  changes 
for  now)  is  a  flat  carrier  distribution  which  is  created  by  a  flat  band.  And  if  the 
carrier  distribution  is  flat,  then  diffusion  currents  should  be  small.  For  the  case 
of  significant  depletion  (as  in  a  p-n  junction),  Eq.  (3-6)  overestimates 
resistance.  In  fact,  a  p-n  junction  diode  would  have  nearly  infinite  resistance 
(which  is  still  correct  to  zeroth  order  at  V=0)  since  the  depletion  region 
removes  all  the  free  carriers.  This  inaccuracy  is  a  result  of  ignoring  the 
redistribution  of  earners  with  bias  and  subsequent  diffusion  currents. 


^  If  one  simulates  a  bi-parabolic  grade  with  a  doping  of  pQ+5p  along  the  parabola  on  the 
AlGaAs  side  and  with  a  doping  of  po*Sp  along  the  parabola  on  the  GaAs  side  (and  a 
doping  level,  po,  everywhere  else),  then  one  can  find  a  value  for  8p  (call  it  8pF)  such  that 
the  band  and  the  carrier  concentration  is  the  flattest.  One  can  also  find  the  value  of  8p  to 
minimize  the  current  density  SIMWFNDOWs  calculates  at  a  small  bias  voltage  across  the 
mirror  period  (0.01  volts).  (Call  this  value  8pR.)  When  the  mobility  is  independent  of 
composition,  then  8pF=8pR  as  expected.  However,  when  the  mobility  varies  with 
composition  (but  is  still  independent  of  carrier  density)  8pR<8pF.  For  a  grade  from  x=0 
to  x=90% over  28nm  with  po=lel8cm-3,  8pF  =  1.5el8cm-3  and  8pR=0.6el8cm-3.  This 
might  make  sense  if  the  lower  mobility  region  is  on  the  GaAs  side  (as  discussed  below), 
but  the  lower  mobility  region  is  in  the  AlGaAs.  Continued  on  next  page.  And  the  result 
is  not  related  to  the  direction  of  current  flow  since  both  up  and  down  gradings  are  within 
one  mirror  period.  A  free  drink  awaits  the  first  person  who  can  explain  this  result 
satisfactorily. 
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Although  Eq.  (3-6)  doesn’t  accurately  model  the  resistance  in  all  cases,  at  least, 
if  we  minimize,  Rm,  then  the  true  resistance  should  be  correlated  with  it. 

By  using  the  integral  of  the  free  carrier  density  times  the  standing  wave, 

am  =  (l  lew-1  /10l8cm'3)-J-  [sin(2;r/  Lmz)  +  \\){z)dz  (3-7) 

along  with  an  estimate  for  the  mirror  resistance,  Rm,  we  now  have  metric,  the 
loss-resistance  product,  amRm,  which  we  can  use  for  comparison  of  various 
designs. 

P-Mirror  Period  Designs:  a  comparison 

In  this  section,  we’ll  examine  various  doping/grading  schemes  for  mirror 
periods  and  compare  their  loss  and  resistance.  The  simplest  mirror  period 
design  is  to  use  a  linear  grade  and  spike  the  doping  along  the  grade  (See  Figure 
3-5).  For  a  doping  step  large  enough  for  low  resistance,  the  design  suffers 
excess  loss,  and  for  lower  doping  the  design  has  a  depletion  region  on  the 
AlGaAs  side  and  excess  resistance.  Figure  3-6  shows  the  next  generation  of 
design  which  is  to  bi-  parabolically  grade  the  interfaces  and  use  step  up  and 
down  doping  which  coincide  with  the  changes  of  the  curvature  of  the  grade. 
To  determine  the  optimum  step,  it  is  important  to  accurately  know  the  valence 
band  offset.  Here  we  used  A£v  =  0.4  Eqv  [18],  where  Eqt  is  the  direct  band- 
gap  (between  the  valence  and  the  T  valley)  not  the  minimum  band-gap.  This 
offset  is  larger  than  that  used  by  Peters  [7]  which  was  based  upon  the  minimum 
band-gap. 

We  can  make  a  couple  more  improvements  to  the  designs:  adjust  the  doping  to 
account  for  differences  in  mobility  and  increase  the  doping  at  the  standing- 
wave  nulls.  First,  consider  that  AlAs  has  about  a  factor  of  three  lower  hole 
mobility  than  GaAs  and  for  electrons  this  factor  is  ten![  19].  If  one  has  a 
constant  total  doping  to  distribute  between  two  regions  of  equal  thickness  but 
the  second  region  has  factor  of  >  T  higher  mobility,  then  for  minimum 

resistance,  the  low  mobility  region  should  be  doped  higher  than  the  average 
hole  concentration,  p ,  by  a  an  amount  A p,  and  high  mobility  region  should  be 

doped  lower  than  average,  by  an  amount  A p,  where  A p  =  p  {jr^  -  l)/(V^"  + 1)- 
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Figure  3-5:  Plots  of  (a)  the  composition  and  doping  profile  and  (b)  the 
relative  field2  (dashed  curve),  and  the  ideal  (dotted  curve)  and 
predicted  (solid  curve)  hole  concentration  for  a  linear  grade 
with  pulse  doping. 
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Figure  3-6:  Plots  of  (a)  the  composition  and  doping  profile  and  (b)  the 
relative  field2  (dashed  curve),  and  the  ideal  (dotted  curve)  and 
predicted  (solid  curve)  hole  concentration  for  a  bi-parabolic 
grade  with  step  doping. 
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Because  of  the  root  dependence,  A pi  p  does  not  vary  rapidly.  For  a  factor  of 
two  difference  in  mobility  Ap/p  =17%,  for  a  factor  of  three,  Ap/p  =26%,  and 
for  a  factor  often,  Aaj/w=52%  For  an  arbitrary  change  in  mobility  with 
position,  the  carrier  density  should  vary  proportional  to  l/Jp(z)  for  the 
minimum  resistance  with  a  constant  total  number  of  carriers.  (The 
mathematics  of  the  problem  is  very  similar  to  the  solution  of  Eq.  (3-4).) 

Second  we  can  lower  the  resistance  with  only  a  small  increase  in  loss  by 
increased  doping  at  the  nulls.  In  the  previous  section  we  showed  the  relative 
loss  should  vary  as  l/|sin(£0  n  x)|  for  when  the  spatial  variation  of  the 
resistance  is  inversely  proportional  is  the  spatial  variation  in  the  carrier 
concentration.  As  discussed,  this  distribution  blows  up  the  nulls,  but  we  can 
still  use  it  to  give  us  some  idea  of  the  width  of  the  region  with  higher  than 
average  losses.  Consider  that  l/|sin(*0  n  x)|>2  over  a  region  A/6  wide  and,  if 
our  dreams  came  true,  the  resistance  could  be  made  effectively  zero  in  this 
region  and  we  would  expect  the  loss-resistance  product  to  be  cut  by  33%. 
Figure  3-7  shows  a  specific  design  using  two  bi-parabolic  grades  with  extra 
doping  at  the  null.  (The  values  for  Nd  and  Na  assume  all  the  dopants  are 
active.)  As  seen  in  Table  3-2,  the  simulated  designs  with  extra  null  doping 
show  about  a  20%  reduction  in  a mRm  over  the  “traditional”  bi-parabolic 
design.  As  part  of  the  optimization  process,  one  needs  to  slightly  adjust  the 
AlGaAs  and  GaAs  thickness  so  the  grading  region  lies  at  a  null.  The 
adjustment  made  here  was  for  a  standing-wave  with  a  period  based  on  the 
average  index.  In  reality,  the  wave  period  changes  in  the  different  regions.  So, 
the  thickness  adjustment  would  have  to  be  made  based  upon  transmission 
matrix  calculations  of  the  standing-wave  taking  into  account  the  other  layers  in 
the  device. 
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Figure  3-7:  Plots  of  (a)  the  composition  and  doping  profile  and  (b)  the 
relative  field2  (dashed  curve),  and  the  ideal  (dotted  curve)  and 
predicted  (solid  curve)  hole  concentration  for  a  bi-parabolic 
grade  with  step  doping  and  extra  doping  at  the  null. 


74  Chapter  3:  Vertical  Design  Issues 

Because  of  growth  variations,  the  standing  wave  null,  made  not  be  exactly 

where  you  would  like  it,  but  fortunately,  one  has  a  fairly  wide  region  which 
can  still  be  highly  doped. 

The  “optimal”  carrier  distribution  given  in  Eq.  (3-5)  we  have  been  working 
with  was  derived  assuming  a  constant  mobility,  but  one  can  also  account  for 
position  dependent  mobility  variations,  then  we  find  the  loss  (or  carrier 
density)  should  vary  proportional  to: 


(Agam,  0(z)  is  the  field2).  As  before  we  have  not  accounted  for  carrier 
dependent  mobility  variations  so  the  distribution  still  blows  up  at  standing- 
wave  nulls.  But  we  just  need  to  keep  the  doping  below  ~1019  cm'3  where  the 
higher  doping  generally  stops  buying  you  lower  resistivity.  This  distribution  is 
plotted  along  with  the  calculated  carrier  density  for  the  various  designs  in  the 
figures.  If  carriers  did  actually  follow  this  distribution,  then  loss  resistance 
product  would  be  0.95e3  Q-cm,  and  this  gives  a  benchmark  to  shoot  for. 

Unfortunately,  the  lateral  resistance  is  (unrealistically)  zero  because  of  the 
singularity. 

Another  popular  type  of  grading  is  the  uni-parabolic  grade[20].  Here  the  idea 
is  to  grade  and  increase  doping  on  the  AlGaAs  side  of  the  interface  where  the 
depletion  of  holes  usually  occurs  (for  a  uniformly  doped  heterojunction),  but 
not  to  grade  the  interface  on  the  GaAs  side  where  the  accumulation  of  holes 
would  normally  occur.  The  high  accumulation  of  holes  can  also  be  designed  in 
a  region  with  no  impurities  to  increase  the  lateral  conductivity  as  in  a 
MODFET.  Figure  3-8  and  Figure  3-9  show  two  variations  on  the  purely  bi- 
parabolic  designs.  One  design  has  the  uni-parabolic  grading  at  the  null  and  the 
other  has  uni-parabolic  grading  at  both  the  peak  and  the  null.  The  uni¬ 
parabolic  grades  are  actually  a  parabolic  grade  over  14nm  (from  90%  to  45% 
Al)  followed  by  a  7nm  linear  grade. 
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“High-Doped” 
Mirror  Designs 

Extra 

Doping 

@Null? 

Average 

loss, 

am  (cm1) 

Resistance 

R.  Rl 

(fi-  (kO/) 

Mm2) 

Loss 

Resistance 

2  Linear-Grades/ 

No 

20.2 

103 

1.8 

2.08e3 

Spike  doping 
2-Bi-Parabolic 

No 

11.2 

108 

4.0 

1.21e3 

2-Bi-Parabolic 

Yes 

11.5 

88 

2.3 

1.01e3 

Bi+Uni  Parabolic 

Yes 

10.0 

101 

2.1 

1.01e3 

2-Uni  Parabolic 

Yes 

10.0 

101 

2.1 

1.01e3 

“Ideal”  Carrier 

Yes 

0.9C3/R™ 

K 

Zero 

0.95e3 

Table  3-2:  Comparison 

of  loss  and  resistance 

for  various  mirror  period 

designs  with  approximately  the  same  doping  level  (lei 8  cm  ), 

The  structures  doped  highly  at  the  null  have  nearly  the  same 
loss  resistance  product,  but  the  structures  with  uni-parabolic 
grades  have  slightly  lower  lateral  resistance,  Ri 


As  with  the  purely  bi-parabolic  design,  the  position  of  the  second  interface  is 
adjusted  so  the  peak  in  the  carrier  concentration  is  lined  up  with  the  null.  Even 
so,  as  Table  3-2  shows,  the  uni-parabolic  designs  show  similar  loss-resistance 
products  to  the  optimized  bi-parabolic  design.  This  is  essentially  because  the 
spike  in  the  hole  concentration  created  by  the  grading  is  relatively  narrow 
compared  to  the  width  of  the  distribution  that  can  be  highly  doped  at  the  nulls. 

Although  the  estimation  of  resistance  per  period,  Rm,  is  meant  mainly  for 
relative  comparison  of  different  designs,  the  measured  resistance/period[7]  for 
the  AlAs/GaAs  mirrors  doped  on  average  at  concentration  of  lei 8  cm'3  (and 
grown  at  a  substrate  temperature  of  480°C  for  complete  Be  incorporation)  is 
about  a  factor  of  three  higher.  Nevertheless,  it  should  be  noted  that  these  same 
measurements  show  an  almost  identical  resistance  for  a  band-gap  engineered 
structure  (with  average  lei 8  doping)  as  for  a  pulse-doped  structure  (w/5el8 
pulses),  and  this  match  also  is  calculated  for  the  resistances  of  these  structures 
in  Table  3-2. 
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position  (jum) 


(b) 

Figure  3-8:  Plots  of  (a)  the  composition  and  doping  profile  and  (b)  the 
relative  field2  (dashed  curve),  and  the  ideal  (dotted  curve)  and 
predicted  (solid  curve)  hole  concentration  for  a  bi+uni 
parabolic  grades  with  step  doping  and  higher  null  doping 


Na-Nd  (cm  )  ^  ^  Hole  Concentration  (cm*' 
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Figure  3-9:  Plots  of  (a)  the  composition  and  doping  profile  and  (b)  the 
relative  field2  (dashed  curve),  and  the  ideal  (dotted  curve)  and 
predicted  (solid  curve)  hole  concentration  for  two  uni 
parabolic  grades  with  step  doping  and  higher  null  doping 
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Another  issue  to  consider  is  the  lateral  conductivity  of  the  various  designs. 
(We  are  beginning  to  get  into  some  lateral  design  issues,  but  it’s  unavoidable) 
These  lateral  resistances,  Rl,  are  also  shown  in  Table  3-2.  As  can  been  seen 
the  better  lateral  resistance  gives  a  slight  advantage  to  the  bi/uni-parabolic  and 
uni/uni  parabolic  grading  schemes  which  otherwise  show  about  the  same  loss- 
(vertical)  resistance  product  as  for  the  optimized  purely  bi-parabolic  design. 

Tuning  mirror  period  designs  for  different  locations  in  the  mirror 

As  discussed  earlier  in  this  chapter,  we  would  like  to  use  reduce  the  average 
doping  level  as  the  intensity  in  the  DBR  increases  near  the  active  region  and 
increase  the  average  doping  level  as  the  field  decays  towards  the  top  of  the 
mirror.  And  we  can  “tune”  an  optimized  design  to  a  new  doping  level  simply 
by  changing  the  doping  in  the  regions  of  uniform  composition  by  a  scaling 
factor,  but  shifting  the  doping  across  the  interfaces  by  a  constant  doping  level 
in  order  to  keep  the  doping  step  the  same.  (For  example,  the  interface  is  doped 
at  NA=2.7el8  cm'3  on  one  side  and  ND=0.7el8  cm3  on  the  other,  then  this  is 
changed  to  NA=2.3el8  cm'3  and  ND=1.2el8  cm'3  to  move  the  average  doping 
level  from  lei 8  to  0.5el7).  Such  tuning  will  typically  keep  the  loss-resistance 
product  almost  the  same  even  with  a  change  of  loss  and  resistance.  This  is  the 
assumption  used  earlier  in  deriving  the  optimized  average  doping  profile  in  the 
DBR  mirror.  Table  3-3  gives  two  examples  of  a  “high”  doped  and  a  “low” 
doped  design  along  with  the  “medium”  doped  bi+uni  parabolic  design 
previously  listed  in  Table  3-2.  The  doping  and  composition  of  the  “high” 
doped  and  the  “low”  doped  designs  are  shown  in  Figure  3-10. 


Al  Fraction  Al  Fraction 
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Figure  3-10:  Plots  of  the  composition  and  doping  profile  bi+uni 

parabolic  grades  with  step  doping  for  (a)  low  doped  design 
and  (b)  a  high  doped  design 
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Bi+Uni 
Parabolic 
Mirror  Designs 


Extra 

Doping 

@NulI? 


Average 

loss, 

«■»  (cm1) 


Resistance 


Loss 

Resistance 

R„ 


‘Low  Doped”  Yes  479  204  3  7  09S - 

“High  Doped”  Yes  19.3  52  1.25  1  00e3 

“Medium  doped”  Yes  10.0  101  2.1  1.01e3 

Table  3-3:  A  potpourri  of  Bi+Uni  Parabolic  mirror  period  designs  all 
with  nearly  identical  loss-resistance  products 

N-mirror  doping 

Not  as  much  design  effort  has  been  put  into  the  n-mirror  as  the  p-mirror  for 
three  mam  reasons  (besides  our  own  foolish  consistency):  (1)  Electron  mobility 
is  almost  twenty  times  higher  than  hole  mobility  (2)  Typically  the  n-miiror  is 
on  the  bottom  so  current  can  spread  better  than  in  the  p  (though  apertures  have 
somewhat  mooted  this  issue).  (3)  The  donor  level  in  AlGaAs  decreases  around 
the  direct  to .  indirect  gap  transition^]  and  so  bandgap  engineering  is  difficult 
Consequently,  we  have  typically  employed  a  linear-grade  with  spilce  doping 
However,  the  design  can  be  improved  and  for  n-up  structures  improvements 
me  important.  As  mentioned,  the  factor  often  difference  in  mobility  between 
AlGaAs  and  GaAs  suggests  the  GaAs  can  be  doped  three  times  less.  In 
add,  ion,  we  can  increase  doping  for  periods  away  from  the  active  region. 

y’ Cf  at,empt  some  band-gap  engineering  by  parabolically  grading 
on  the  AlGaAs  side  and  then  dropping  the  A1  fraction  directly  from  60%  to 
0/o  in  order  to  avoid  any  low  carrier  concentrations  due  to  the  DX  center  as 
successfully  carried  out  in  MOCVD  grown  devices[21]. 

Lower  Loss-Resistance  and  Wall-Plug  Efficiency 

We  have  shown  here  how  various  improvements  in  design  can  lower  the  loss- 
resistance  product.  Changing  the  average  doping  of  each  of  the  mirror  periods 
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can  reduce  the  loss-resistance  product  by  22%  (two-step  profile)  to  34%  (ideal 
case).  Adding  extra  doping  at  the  nulls  lowers  the  loss-resistance  product  by 
20%.  Making  both  improvements  can  lower  the  loss-resistance  product  by 
about  40-50%.  Of  course,  lack  of  proper  band-gap  engineering  of  the 
interfaces  can  easily  make  a  factor  of  two  change  in  the  loss-resistance  product 
as  seen  back  on  Table  3-2.  Consequently,  if  the  dopants  can  be  positioned 
correctly  (via  cold  growth  for  Be  or  the  use  of  carbon  doping),  one  will  see  the 
most  dramatic  effect  on  the  loss-resistance  product. 

But  what  does  improving  the  loss  resistance  product  mean  for  the  wall-plug 
efficiency?  Obviously,  this  depends  on  the  power  where  the  peak  efficiency 
occurs  and  all  kinds  of  other  things.  But  we  can  assume  some  values  and  see 
the  results.  Figure  3-11  shows  an  example.  When  the  loss-resistance  product 
is  reduced  by  40%,  the  wall-plug  efficiency  improves  by  about  25%  using  the 
parameters  given  below.  This  reduction  can  be  done  either  by  lowering  the 
loss,  the  resistance  or  a  combination  thereof,  but  the  choice  does  not  strongly 
effect  the  outcome.  For  larger  changes  in  the  loss-resistance  product  (factor  of 
five),  the  changing  of  the  loss  or  resistance  does  not  strongly  effect  the  peak 
value,  but  it  does  effect  how  the  wall-plug  vs.  power  behaves.  For  large 
changes,  lowering  resistance  instead  of  loss  will  prevent  the  wall-plug 
efficiency  (vs.  output  power)  from  dropping  dramatically  after  the  peak, 
whereas  lowering  loss  instead  of  resistance  will  raise  the  efficiency  for  output 
powers  before  the  peak. 
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Figure  3-11:  Improvement  in  wall-plug  efficiency  as  the  loss  is  lowered 
or  the  resistance  is  lowered  by  40% 

For  the  curves  in  Figure  3-11,  we  assumed  a  980nm  VCSEL  with  1^=0. 3  mA, 
r)ex=  55%,  a  mirror  transmission,  Tm= 0.7%,  r|j=0.9  and  assumed 
r|wp=20%@1.0  mW  output  power  and  that  the  voltage  varies  linearly  with 
current  above  1.3  volts.  These  numbers  are  not  too  far  from  those  for  Brian 
Thibeault’s  devices[6].  We  also  assumed  the  threshold  current  varies 
exponentially  with  loss  ITH  ~  exp(Z/G0)  where  L  is  the  loss/round  trip  and 
Go=1.05%  for  a  three  InGaAs  quantum  well  active  region  centered  on  a 
standing-wave  peak.  Although  we  assumed  a  threshold,  we  are  not  accurately 
accounting  for  changes  in  lateral  leakage  current  here  (since  we  are  not 
assuming  any  device  radius).  We  are  assuming  that  whatever  leakage  there  is 
that  it  scales  linearly  with  the  broad-area  threshold  current  density.  As 
discussed  in  Chapter  2,  lateral  leakage  can  hinder  higher  wall-plug  efficiency, 
and,  in  this  regime,  increasing  the  device  size  can  quickly  buy  lower  resistance 
at  the  same  loss  level  without  a  significant  change  in  threshold. 
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Doping  around  the  aperture  and  active 
region 

Lateral  conductivity  is  very  important  just  above  (in  p-up  designs)  the  aperture 
and  it  is  important  to  dope  this  region  highly  but  one  does  not  want  significant 
doping  between  the  aperture  to  avoid  current  spreading.  This  suggests  an 
abrupt  end  to  doping  at  the  aperture.  However,  oxide  apertures  are  in  regions 
of  high  aluminum  content  and  the  composition  will  need  to  be  graded  to  lower 
aluminum  content  before  reaching  the  active  region.  One  key  issue  here  is 
doping  of  the  grade  just  below  the  aperture.  For  a  long  growth.  Be  doping  will 
usually  diffuse  far  enough  that  doping  the  graded  region  will  happen 
automatically.  However,  for  a  short  growth  (or  when  carbon  is  used),  the 
graded  region  will  not  be  doped.  And  this  can  create  a  several  voltage  penalty 
as  will  be  further  discussed  in  Appendix  A.  (See  also  Section  3.2.2  of  Peter’s 
thesis[7].) 

Summary 

The  main  focus  of  the  chapter  has  been  on  improvements  in  the  VCSEL  design 
for  higher  efficiency  devices  at  all  sizes.  The  key  points  are: 

•  Use  of  SI  substrates  for  bottom-emitting  devices  for  a  10-30% 
improvement  in  efficiency 

•  Using  a  broad  area  p-contact  and  an  n-intracavity  contact  for  p-up  devices 

•  Optimization  of  the  doping  in  the  DBRs: 

•  A  good  figure  of  merit  that  is  tied  to  the  peak  wall-plug  efficiency  is  the 
loss-resistance  product.  To  minimize  this  product  the  carrier  distribution 

should  follow:  7o(  )  "(' ")]  where  ls  the  ^*ie^2  ^  P(z)  is  the 

position  dependent  mobility 

•  Decreased  doping  in  the  first  few  mirror  periods  for  a  22-34%  lower  loss- 
resistance  product 

•  Additional  doping  at  the  standing-wave  nulls  for  another  20%  reduction  of 
the  loss-resistance  product. 
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•  The  use  of  a  uni-parabolic  grade  around  the  nulls  to  improve  the  lateral 
conductivity 

•  An  expected  improvement  of  -25%  in  the  wall-plug  efficiency  for  a  40% 
reduction  in  the  loss-resistance  product 

•  Doping  above  the  aperture  and  of  the  grade-down  from  the  high  A1  content 
layers  of  the  aperture 

References: 

[1]  G.  M.  Yang,  M.  H.  MacDougal,  V.  Pudikov,  and  P.  D.  Dapkus, 
“Influence  of  Mirror  Reflectivity  on  Laser  Performance  of  Very-Low- 
Threshold  Vertical-Cavity  Surface-Emitting  Lasers,”  IEEE  Photon. 
Technol.  Lett.,  vol.  7,pp.  1228-1230,  1995. 

[2]  Y.  A.  Akulova,  "Vertical  Cavity  Lasers  for  Cryogenic  Optical 
Interconnects",  Ph.  D.  Dissertation,  ECE  Technical  Report  #98-13, 
University  of  California,  1998 

[3]  S.  W.  Corzine,  "Design  of  Vertical-Cavity  Surface-Emitting  Lasers 
with  Strained  and  Unstrained  Quantum  Well  Active  Regions",  Ph.  D. 
Dissertation,  ECE  Technical  Report  #93-09,  University  of  California, 
1993 

[4]  R.  S.  Geels,  "Vertical  Cavity  Surface  Emitting  Lasers:  Design, 
Fabrication  and  Characterization",  Ph.  D.  Dissertation,  ECE,  University 
of  California,  1991 

[5]  J.  W.  Scott,  "Design,  Fabrication  and  Characterization  of  High-Speed 
Intra-Cavity  Contacted  Vertical  Cavity  Lasers",  Ph.D.  dissertation, 
ECE  Technical  Report  #95-06,  University  of  California,  1995 

[6]  B.  J.  Thibeault,  "High  Efficiency  Vertical  Cavity  Lasers  Using  Low- 
Optical  Loss  Intra-Cavity  Dielectric  Apertures",  Ph.D.  Dissertation, 
Electrical  and  Computer  Engineering,  University  of  California,  1997 

[7]  M.  G.  Peters,  "Molecular  Beam  Epitaxy  Growth  of  Vertical  Cavity 
Lasers  for  Optical  Communication",  Ph.  D.  Dissertaion,  UCSB,  1995 

[8]  N.  M.  Margalit,  "High-Temperature  Long-Wavelength  Vertical  Cavity 
Lasers",  Ph.  D.  Dissertation,  ECE  Technical  Report  #98-15,  University 
of  California,  1998 


Chapter  3:  Vertical  Design  Issues  85 

[9]  D.  B.  Young,  "Molecular  Beam  Epitaxy  and  Fabrication  Techniques 
for  Advanced  Vertical  Cavity  Lasers",  Ph.  D.  Dissertation,  ECE 
Technical  Report  #96-17,  University  of  California,  1996 

[10]  D.  I.  Babic,  "Double-fused  long-wavelength  vertical  cavity  lasers",  Ph. 
D.  Dissertation,  UCSB,  1995 

[11]  H.  C.  Casey,  D.  D.  Sell,  and  K.  W.  Wecht,  “Concentration  dependence 
of  the  absorption  coefficient  for  n-  and  p-type  GaAs  between  1 .3  and 
1 .6eV,”  J.  Appl.  Phys.,  vol.  46,  pp.  250-257, 1975. 

[12]  H.  Q.  Hou,  H.  C.  Chui,  K.  D.  Choquette,  B.  E.  Hammons,  W.  G. 
Breiland,  and  K.  M.  Geib,  “Highly  Uniform  and  Reproducible  Vertical 
Cavity  Surface-Emitting  Lasers  Grown  by  Metalorganic  Vapor  Phase 
Epitaxy  with  In-Situ  Reflectometry,”  Photon.  Tech.  Lett.,  vol.  8,  pp. 
1285-1287,  1996. 

[13]  K.  L.  Lear,  H.  Q.  Hou,  J.  J.  Banas,  B.  E.  Hammons,  J.  Furioli,  and  M. 
Osinski,  “Vertical  Cavity  Lasers  on  p-doped  substrates,”  Electron. 
Lett.,  vol.  33,  pp.  783-784, 1997. 

[14]  A.  Fiore,  Y.  A.  Akulova,  J.  Ko,  E.  R.  Hegblom,  and  L.  A.  Coldren, 
“Postgrowth  tuning  of  semiconductor  vertical  cavities  for  multiple- 
wavelength  laser  arrays,”  J.  Quantum  Electron.,  1999. 

[15]  K.  L.  Lear,  “Limits  to  the  power  conversion  efficiency  of  vertical 
cavity  surface  emitting  lasers,”  in  Proc.  CLEO  '96,  paper  no.  CThK35, 
p.  418-419, 1996. 

[16]  D.  I.  Babic,  G.  H.  Dohler,  J.  E.  Bowers,  and  E.  L.  Hu,  “Isotype 
heterojunctions  with  flat  valence  or  conduction  band,”  IEEE  J. 
Quantum  Electron.,  vol.  33,  pp.  2195-2198, 1997. 

[17]  W.  E.  Hoke,  P.  J.  Lemonias,  P.  S.  Lyman,  H.  T.  Hendriks,  D.  Weir,  and 
P.  Colombo,  “Carbon  doping  of  MBE  GaAs  and  Ga0.7A10.3As  films 
using  a  graphite  filament,”  J.  Crystal  Growth,  vol.  Ill,  pp.  269-273, 
1991. 

[18]  W.  I.  Wang  and  F.  Stem,  “Valence  band  offset  in  ALAs/GaAs 
heterojunctions  and  the  empircal  relation  for  band  allignment,”  J.  Vac. 
Sci.  Technol.  B,  vol.  3,  pp.  1280-1283, 1985. 

[19]  S.  Adachi,  Properties  of  Aluminium  Gallium  Arsenide.  London: 
INSPEC,  the  Institution  of  Electrical  Engineers,  1993. 


86  Chapter  3:  Vertical  Design  Issues 

[20]  K.  L.  Lear  and  R.  P.  Schneider,  “Uniparabolic  mirror  grading  for 
vertical  cavity  surface  emitting  lasers,”  Appl.  Phys.  Lett.,  vol.  68,  pp. 
605-607, 1996. 

[21]  H.  Q.  Hou,  R.  P.  Schneider,  S.  W.  Corzine,  B.  E.  Hammons,  and  S. 
Steward,  “n-up  850nm  VCSEL  arrays  with  very  low  and  uniform 
operation  voltage  for  multimode  fiber  communications,”  in  Proc. 
CLEO  '98,  paper  no.  CThK5,  pp.  369-370,  1998. 


Chapter  4:  Analysis  of  Index  Aperture  Optical  Confinement  87 


Chapter  4 :  Analysis  of  Index 
Aperture  Optical  Confinement 


Introduction: 

As  described  in  Chapter  2,  removing  parasitic  optical  losses  is  critical  for 
improved  device  properties  at  small  sizes  and  low  output  powers.  But  do  we 
expect  such  losses  to  be  significant  in  devices  with  oxide  or  air  apertures?  And 
how  much  can  we  effect  the  parasitic  loss  by  cavity  design  changes?  How  do 
apertures  effect  the  mode  in  comparison  to  other  guiding  mechanisms  that  we 
understand  namely,  step-index  uniform  waveguides  with  Bessel  functions  for 
modes  or  lensed  resonators  with  Gaussian  modes? 

The  answers  to  these  questions  have  already  changed  the  typical  aperture 
design  in  VCSELs,  in  part  due  to  the  analysis  that  follows  and  in  conjunction 
with  the  initial  experimental  work  of  Thibeault[l,  2]  and  my  own  device 
results  described  in  Chapter  6  as  well  as  supporting  experimental  results  of 
other  research  groups[3,  4],  Although  the  use  of  such  loss  models  has  not 
widely  spread  (except  at  UCSB),  intuition  about  the  aperture  design  has,  and 
other  research  groups  have  converged  on  the  same  conclusions. 
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In  this  chapter,  we  discuss  the  optical  guiding  mechanism  of  index  apertures 
which  not  only  can  be  created  by  lateral  oxidation  or  etching,  but  also  by 
physical  changes  in  cavity  thickness.  We  then  examine  the  optical  losses  that 
result  from  aperture  not  compensating  for  the  diffraction  in  the  laterally 
unguided  regions  of  the  VCSEL.  We  determine  a  semi-analytic  formula  for 
the  optical  losses  of  single,  abrupt  apertures  in  VCSELs  in  terms  of  two 
parameters:  the  effective  phase  shift  of  the  aperture  and  the  Fresnel  number  of 
the  cavity.  Using  this  formula,  we  estimate  the  losses  for  various  VCSEL 
designs  and  use  it  to  explain  the  drop  or  lack  thereof  in  efficiency  as  the 
aperture  closes  in  actual  devices.  We  then  examine  losses  using  a  more 
accurate  iterative  model  that  verifies  the  simpler  estimate  and  allows  us  to 
examine  the  losses  from  tapered  apertures  and  the  limit  on  the  mode  size  due  to 
the  drop-off  in  DBR  reflectivity  at  large  angles.  We  also  present  a  method  for 

estimating  losses  with  multiple  apertures  and  estimate  the  losses  due  to 
absorption. 

Index  Aperture  Guiding 

An  index  aperture  in  a  cavity  affects  not  only  the  mode  shape,  but  also  the  gain 
and  resonant  wavelength.  The  refractive  index  of  the  aperture  (typically  air  or 
oxide  with  n~1.6)  is  much  lower  than  that  of  the  semiconductor  n-3. 
Consequently  the  optical  path  length  is  longer  in  the  center  of  the  cavity  than  in 
the  region  with  the  aperture.  This  longer  optical  path  length  in  the  center 
means  that  the  aperture  has  a  “lens-like”  action  that  will  tend  to  confine  the 
mode.  In  principle,  the  lateral  variation  in  the  optical  path  length  could  be 
tailored  parabolically  creating  a  lens  that  would  almost  perfectly  “undo”  the 
diffraction  in  the  unapertured  regions  of  the  laser.  But  even  with  imperfect 
lensing,  the  shortness  of  the  cavity  means  the  modes  in  an  apertured  structure 
are  very  similar  to  the  modes  expected  from  a  vertically  uniform  waveguide. 
However,  the  small  difference  between  the  modes  of  a  uniform  waveguide  and 
actual  apertured  VCSEL  is  mostly  accommodated  by  lateral  radiation  modes 
even  assuming  no  optical  imperfections  in  the  aperture.  And  for  highly 
resonant  structures  like  VCSELs  a  small  amount  of  excess  loss  (0.1  %/pass) 
implies  a  huge  (-20%)  fractional  change  in  gain. 
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The  shorter  optical  path  length  in  the  apertured  regions  of  the  VCSEL  will 
mean  the  resonant  wavelength  (for  a  vertically  travelling  plane  wave)  is  shorter 
in  those  regions.  And  as  with  any  lateral  optical  confinement,  the  lasing 
wavelength  (for  a  mode  composed  of  both  vertical  and  off-axis  plane  waves) 
will  be  slightly  shorter  than  for  a  purely  planar  structure.  The  resonant 
wavelength  for  vertically  travelling  waves  and  for  the  lasing  mode  can  be 
related  to  the  effective  optical  path  length  across  the  aperture  and  the  aperture 
diameter.  The  effective  optical  path  length  depends  not  only  on  the  aperture 
thickness,  but  also  its  placement  in  the  standing-wave  inside  the  cavity.  Let  us 
now  address  all  of  these  issues  more  quantitatively.  In  this  section,  we  “focus” 
on  the  guiding  mechanism. 


Figure  4-1 :  Index  aperture  inside  a  VCSEL  cavity 

Aperture  phase  shift 

Shown  in  Figure  4-1  is  a  close  up  of  an  index  aperture  inside  a  VCSEL.  If  this 
aperture  were  not  inside  the  VCSEL  cavity  (i.e.  the  other  mirror  layers  were 
absent),  we  could  simply  say  the  difference  in  the  phase  shift  between  the 
apertured  and  unapertured  regions  of  the  VCSEL,  is  given  by: 

<f>(x,y)  =  k0  An[/max  -/(*,>>)]  (no  reflections)  (4-1) 

where  k.Q  is  the  free-space  wavenumber,  A n  =  ns-na  is  the  difference  between 
the  semiconductor  index  and  the  index  of  the  aperture,  t(x,y)  is  the  position 
dependent  thickness  of  the  aperture,  and  tmsx  is  the  maximum  thickness  of  the 
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aperture.  We  have  chosen  to  consider  the  phase  shift  nonzero  in  the 
unapertured  regton  although  it  would  be  completely  equivalent  to  add  a 
constant  phase  shift  and  create  a  negative  phase  shift  in  the  apertured  region. 

The  aperture,  however,  is  contained  within  a  highly  resonant  structure  with 
near  y  equally  strong  forward  and  backward  waves  making  a  standing-wave 

eLu  isT  7  :.a,Ver,iCal  ^  "/for  standing  umve 

fa«or  r  it  m  ,P  ym8  7  gai”  by  "■  ^ding-wave  enhancement 
tactor  r*.  This  correction  to  the  optical  path  length  or  phase  shift  is  also 

valid  for  small  mdex  differences  A»[5],  Adjusting  the  relative  phase  we  have 

^y)  =  TMk^\,m-,{Xty)]  (4.2) 

(only  accurate  for  small  An) 

where  (as  we  will  describe  more  rigorously)  the  enhancement  factor  for  a  thin 
aperture  located  m  theyth  layer  of  a  VCSEL  is  given  by, 

r,n*  =  2  cos 2  (k0  Hj  zpja )  exp(-  zma/LE).  (4.3) 

ter  ^dzT0“  IT?  ttK  T""6  a"d  'he  standing-wave-peak  in  the/th 

interface  rF  *  d' '  **  aperture  is  Phoned  from  the  fust  mirror 

mterface.  (For  an  aperture  in  the  spacer  region,  J-0  and  zm=0.)  See  Figure  4-2 
which  shows  standing-wave  pattern.  ^ 

UB“  ha'/h  regi0n  iS  USUally  betWeen  the  DBRs>  the  onhanoemen. 

facto  for  Lcv  rS'”e  T’  bU‘  Wh™  ™,ing  Phase  enhancement 
factor  for  mdex  apertures,  the  exponential  term  is  added  to  account  the 

penetration  ^  **  «*  -  ™R  energy 

Note  that  there  are  several  different  mirror  penetration  depths[6,  71-  the  energv 
penetration  depdt,  LE,  (which  is  based  on  the  decay  of  dte  field-squared) 

Phase  ptmetratron  depth,  L„  (which  is  based  upon  dte  rime  delay  fTa  It 

"Trr  “d^011  eqUiValent  diStan“’  LD’  (based  UP°"  ** 

p  al  divergence  of  a  mode  compared  with  reflection  from  a  hard  mirror)171 
angular  stop-band.  3  ^  Pene“i0n  **  10 
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For  high  reflectivity  mirrors,  LE  is  nearly  identical  to  Lr  = 


4  n„ 


•o  \\~Pj 

q  is  the  ratio  (chosen  to  be  less  than  unity)  between  the  index  of  the  incident 
medium  (n0)  and  the  index  of  the  first  DBR  layer  (either  ni  or  «//),  and 
p=ni/nn  is  the  ratio  between  the  low  and  high  index  of  the  DBR  layers.  (For 
the  arrangement  in  Figure  4-2,  q=nL/n0.) 


,  where 


n=3.52 

tl 


V3*24 


nL=2.95 


a > 
<■* 
<o 

u 

3 

a 

® 

X 


Figure  4-2:  An  aperture  in  the  central  portion  of  a  typical  VCSEL 
standing  wave  along  with  the  index  profile 

Actual  mirrors  often  have  graded  interfaces  and  sometimes  extra  spacer  layers 
of  multiples  of  half  a  wavelength.  In  Appendix  B:  Theoretical  Odds  and  Ends, 
we  discuss  how  the  expressions  for  the  various  mirror  lengths  are  modified. 

Multiplying  the  phase  by  the  standing- wave  enhancement  factor  is  the  intuitive 
thing  to  do  for  those  who  already  play  with  the  position  of  quantum  wells. 
However,  the  large  index  step  Arta~2  between  the  aperture  and  semiconductor, 
makes  the  correction  fairly  inaccurate.  The  more  precise  way  to  handle  the 
problem  is  to  begin  by  going  back  to  the  origin  of  the  enhancement  factor[5] 
and  to  calculate  the  intensity  weighted  average  of  the  dielectric  constant  over 
all  z  as  also  done  by  Hadley[8].  This  procedure  yields  the  index  step  which 
would  occur  if  the  aperture  index  step  were  spread  out  uniformly  in  z.  We  will 


92  Chapter  4:  Analysis  of  Index  Aperture  Optical  Confinement 

discuss  those  standing-wave  details  in  the  section  after  next,  but  let  us  first 
compare  the  two  situations  of  uniform  or  continuous  vs.  periodic  waveguiding. 

Unfolding  the  Cavity 


Let  us  suppose  for  the  moment  that  we  can  find  the  correct  “effective”  phase 
shift,  <f(x,y),  an  aperture  has  for  plane  waves  travelling  along  the  axis  of  the 
cavity.  As  is  commonly  done  when  treating  “thin”  lenses,  we  can  approximate 
the  phase  shift  as  the  same  both  for  on-axis  and  slightly  off-axis  waves.  (Note: 
Although  using  the  correct  “effective”  phase  can  account  partially  for 
reflections  off  of  the  aperture,  it  does  not  account  for  large  reflections  and  we 
will  discuss  some  consequences  of  this  in  a  subsequent  section).  Next  we  need 
to  consider  the  effect  of  the  DBR  mirrors  for  both  on  axis  and  slightly  off-axis 
waves.  Fortunately,  Babic  found  that  the  variation  in  the  phase  shift  for 
slightly  off-axis  waves  hitting  the  DBR  mirrors  is  just  like  they  were  passing 
through  a  region  of  uniform  index,  n0,  and  hitting  a  hard  mirror  at  a  diffraction 
equivalent  distance,  Lq.  For  an  infinite  stack  of  quarter-wave  thick  layers  that 
alternate  between  a  high  index  of  «//  and  a  low  index  nL,  the  diffraction 
equivalent  distance,  LD  is  given  by  [7], 

Id  =  (4-4) 


where  £ 


and  Lx  is  the  phase  penetration  depth  as  given 


before.  (Refer  to  Figure  4-2  again  for  definitions  of  n0,  nL  and  nH.)  Because  of 
the  prefactor,  £,  the  energy,  phase,  and  diffraction  depths  are  not  exactly  equal. 
However,  when  the  index  of  the  spacer  region  (the  incident  medium  for  the 
mirrors),  n0,  is  near  the  average  of  the  high  and  low  indexes,  then  they  are  not 
too  different  -  For  ni= 2.95,  n//= 3.52  and  n0=3.24,  £=1.02. 


For  a  cavity  with  a  central  spacer  region  of  index  rt0,  and  thickness,  L0  the  total 
diffraction  equivalent  cavity  length  is  [9] 

Lc  =  LDi+Ld2  +  Lq  (4-5) 

where  Z,£),  and  Lj^  are  the  diffraction  equivalent  distances  for  the  first  and 
second  DBRs,  respectively.  Using  this  total  cavity  length,  we  can  represent  an 
apertured  VCSEL  as  an  aperture  between  two  hard  mirrors.  (See  Figure  4-3.) 
Here  we  have  centered  the  aperture  between  the  mirrors  for  simplicity. 
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Figure  4-3:  Schematic  of  an  aperture  centered  in  an  effective  cavity  of 
length,  Lq- 

Next  we  imagine  a  mode  moving  back  and  forth  between  the  mirrors,  and  as 
commonly  done[10],  we  draw  an  unfolded  cavity  as  shown  in  Figure  4-4.  It  is 
simplest  to  see  the  effect  of  the  aperture,  if  we  consider  an  ideal  case,  when  the 
aperture  is  a  perfect  lens;  so  it  has  a  parabolic  phase  profile.  Then  for  a  stable 
resonator,  the  fundamental  mode  of  the  system  is  a  Gaussian  with  planar  phase 
fronts  occurring  half  a  cavity  length  from  each  aperture[10].  (See  Figure  4-4b.) 
Because  the  lens  can  exactly  compensate  for  the  diffraction  of  the  mode  there 
is  no  scattering  loss. 

In  the  case  of  abrupt  apertures  (in  Figure  4-4a),  the  mode  cannot  be  perfectly 
focused  and  so  there  are  scattering  losses.  However  for  short  cavities,  or  large 
apertures,  the  phase  front  will  stay  relatively  flat  between  apertures,  and  this 
periodic  waveguiding  can  be  well  approximated  by  a  uniform  waveguide[8, 
11].  In  fact,  in  the  simplest  form  of  the  Beam  Propagation  Method  (BPM) 
[12],  a  waveguide  (uniform  in  z)  is  numerically  modeled  by  a  repetitive 
application  of  a  spatial  dependent  phase  shift  followed  by  diffraction  through 
free-space.  In  this  case,  the  model  and  reality  are  reversed  since  we  are 
considering  a  continuous  waveguide  as  an  approximation  to  a  periodic  one. 
The  waveguide  shown  in  Figure  4-4c,  has  a  index  profile  A nctfx,y)+nd-mm‘ 
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1*  (a)  The_unfolded  cavity  for  the  simplified  apertured-cavity 

uniform**'  H8Ure  4'3'  The  medium  between  apertures  has^ 
fonn  index  n0.  The  aperture  is  modeled  by  a  spatially 

SSTSflJr  ShiK  ^  In  general’  be  any 

size^d  CaSe  ,WS  ^  abrupt  aperture  Which  at  smaller 
the  °ntgerHCaVlty  len^s  is  nnable  to  completely  refocus 
the  mode  instead  scattering  energy  into  ffee-space. 
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(b)  The  unfolded  cavity  with  a  parabolic  phase  shift,  <p(x,y), 
i.e.  an  ideal  thin  lens.  For  a  Gaussian  mode  undergoing 
Fresnel  diffraction  between  the  apertures,  the  phase  shift  is 
able  to  exactly  correct  for  the  diffraction,  eliminating 
scattering  losses.  Given  the  symmetry  chosen,  the  mode  has 
planar  phase  fronts  half-way  between  the  apertures  as 
indicated  by  the  dashed  lines,  (c)  A  uniform  waveguide 
which,  in  the  limit  of  vanishing  cavity  length,  corresponds  to 
the  unfolded  cavity  with  <f>(x,y)=koAnd(x,y)Lc 

Thinking  of  the  BPM  method  allows  us  to  see  that  if  we  wish  to  obtain  the 
same  mode  using  both  approaches  (in  the  limit  of  vanishing  cavity  length), 
then  the  phase  shift  of  aperture  should  be[12] 

4>(x,y)  =  fcoA  nd(x,y)Lc  (4‘6) 

In  Appendix  B:  Theoretical  odds  and  ends,  we  will  show  the  periodic 
waveguiding  in  the  Fresnel  limit  matches  the  wave  equation  to  second-order  in 
LC- 

Knowing  the  correspondence  between  the  uniform  waveguide  index 
distribution  and  the  phase  shift  will  allow  us  to  work  backwards  to  find  the 
appropriate  effective  phase  shift  for  the  aperture.  And,  in  the  case  of  an  abrupt 
aperture  of  radius,  a,  corresponding  to  a  step-index  waveguide,  we  can  now  use 
the  V  =  k0ayj2n^An~d  number[13]  to  determine  the  dispersion  curves,  modes, 
confinement  factors,  etc.  (The  confinement  factor  vs.  V  number  is  given  in 
Appendix  B:  Theoretical  Odds  and  Ends.)  Interestingly,  the  phase  shift  of  an 
abrupt  aperture,  <j>0,  and  the  Fresnel  number  for  the  cavity,  F=a2n0/(kLc)  are 
related  to  the  V  number  by,  V  =  yJ4 nfaF  . 

The  distributed  index  step: 

Using  the  analysis  so  far,  one  would  determine  the  effective  index  step  of  an 
equivalent  uniform  waveguide  from  the  phase  shift  given  in  Eq.  (4-2)  and  Eq. 
(4-6)  to  be, 

A nd(x,y)  =  ren*Art[rmax  - t(x,y)]/Lc  (4-7) 

However,  this  relation  is  only  accurate  for  small  index  differences  between  the 
aperture  and  the  semiconductor.  A  better  approach  to  use  the  dielectric 
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constant,  which  is  the  fundamental  parameter  in  the  wave  euuation  As  Ho 

so  by  Hadley[8],  a  distributed  dielectric  constant  a,  is  defined  by,  ' 

eA*,y)=\e(Wp(zf<k/§V{zfdz  '  (4g) 

Where  <P(z)  is  the  longitudinal  electric  field  in  the  unapertured  VCSEL 

TT6  ***  “  '-D 

f(0,0,z)).  Then  the  distributed  index  difference  is  given  by: 

~  -  y[e^~~  (4.9) 

where  ed.mil,  is  the  value  of  sd  where  the  aperture  is  the  thickest  Thic 
distributed  index  difference  can  now  be  used  to  estimate  mode  etc  and  also 
used  in  Eq.  (4-6)  to  determine  the  effective  phase  shift  of  the  aperture! 

If  one  approximates  the  VCSEL  field*  as  |4>0|2cos 2(Vr, **),-.«*  in  the 

DBRs  and  |>C0|  cos2^^)  between  the  DBRs  plugs  that  into  Eq.  (4-8)  and 

takes  the  limit  of  small  index  steps,  thin  apertures,  a  penetration  depth  lone 

compared  the  period  of  oscillation,  then  we  obtain  a  rimto  buf  morf 
accurate  version  of  Eq.  (4-7):  llar  but  more 

An,(x,y)J!!jLzA)kmz!ki^r  . 


where  Lc£=L(ri-f£/+LK,  which  is  almost  the  same  as  Lc,  when  the  index  of 
the  spacer  is  near  the  average  index  of  the  cavity. 

The  variation  in  the  distributed  index  step  as  an  aperture  is  moved  from  peak  to 
null  ttuough  die  VCSEL  cavity  is  iHustrated  graphically  in  Figure  Z5 X 
solid  line  shows  die  distributed  index  difference  vs.  the  a^ure  “tion 
index  step  was  calculated  for  a  20nm  thick  aperture  with  nA=\  .55  The  dashed 
me  mdieates  die  index  of  die  unapertured  cavity.  (For  ^purpose 
continuous  curve,  we  have  allowed  the  aperture  to  move  into  the  GaAs 
regions.  Consequently,  kinks  occur  at  the  interfaces  as  the  index  step  between 

baCkgr0Und  ““  >  variation  IX 

small  a1  ml  d^tTaaV!, m,enSit>r’  “d  limi'  of  thi»  apertures,  and 
An,  the  distributed  index  difference  will  be  directly  proportional  to  it 

The  curves  tn  Figure  4-5  were  calculated  from  Eqs.  (4-8)  and  ^9),  but  they 
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agree  with  Eq.  (4-10)  to  within  10%.  (Using  Eq.  (4-7)  causes  errors  three  times 
larger.) 


position,  z  zm  zp1 


Figure  4-5:  Plot  of  the  distributed  index  step,  And  calculated  for  a 
20nm  thick  oxide  (n=1.55)  aperture  vs.  position  in  the  cavity. 
The  refractive  index  distribution  in  the  unapertured  cavity  is 
indicated  by  the  dashed  line. 

Eq.  (4-10)  may  look  nice  on  the  back  of  an  envelope,  but  in  practice  one 
usually  has  a  transmission  matrix  program  handy  and  can  either  use  Eqs.  (4-8) 
and  (4-9)  directly  or  look  instead  at  the  change  in  cavity  resonance  to  obtain 
the  distributed  index  step. 

As  we  know  the  change  in  optical  path  length  from  the  unapertured  to  the 
apertured  regions  of  the  cavity  will  change  the  resonant  wavelength.  Consider 
the  cases  shown  in  Figure  4-6  for  a  cavity  of  nominally  of  length  Z,c=mA0/(2w0), 
(where  m  is  an  integer).  It  is  resonant  at  a  wavelength,  7^  when  filled  with  a 
medium  of  index  n0.  When  the  index  is  reduced  by  A «d,  the  wavelength  shifts 
to: 

K  =  2(«0  -  ))/m  =  A0  (1  -  ^  /«0 )  (4-11) 


And  so, 


A/t//l0  =And/n0 


(4-12) 
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(b) 


(c) 


Figure  4-6:  Cavities  with  two  hard  mirrors  (a)  filled  by  an  index  n0,  (b) 
filled  by  an  index  of  n0-And,  (c)  filled  again  by  index  n0,  but  of 
slightly  longer  length 


For  VCSELs,  the  situation  is  very  similar  except  that  the  effective  cavity 
length  of  a  VCSEL  (the  sum  of  the  spacer  length  and  the  mirror  penetration 
depths)  is  not  normally  a  multiple  of  half  the  resonant  wavelength  because  the 
effective  phase  penetration  depth  of  the  mirrors  comes  only  from  the  change  in 
phase  from  the  center  wavelength.  However,  if  you  just  look  at  the  change  in 
the  resonant  wavelength,  the  second  relationship,  (4-12),  as  derived  by 
Hadley[8]  for  index  apertured  VCSELs,  still  holds.  Knowing  this  relation,  one 
can  then  turn  the  problem  around  and  calculate  with  a  1-D  transmission  matrix 
method  or  measure  experimentally  the  shift  in  the  1-D  cavity  wavelength  in  the 


Chapter  4:  Analysis  of  Index  Aperture  Optical  Confinement  99 

apertured  vs.  the  unapertured  regions  to  determine  the  distributed  index 
difference  that  is  created  by  the  index  change  of  the  aperture  or  apertures.  In 
passing,  we  should  mention  that  the  change  can  also  come  from  variations  in 
layer  thickness  as  shown  in  Figure  4-6c  which  might  be  created  by  etching  and 
regrowth.  If  the  change  in  thickness  occurs  in  the  spacer  region  of  a  VCSEL, 
then  we  can  write, 

AA/A0=A L/LCt  (4-13) 

where  Lct=L(^Ltj+Lx2,  is  the  effective  cavity  length  based  upon  the  mirror 
phase  penetration  depths  and  is  almost  identical  to  Lfc,  (the  length  based  upon 
the  DBR  energy  penetration  depths)  and  is  within  a  few  percent  of  Lc  when  the 
index  of  the  spacer  region  is  near  the  average  index.  The  fractional  change 
above  can  again  be  thought  of  as  an  equivalent  fractional  change  in  the 
effective  index  using  (4-12).  One  can  then  apply  the  subsequent  scattering  loss 
modeling  for  apertures  also  to  guiding  based  on  changes  in  physical  thickness. 

There  are  a  couple  of  caveats  when  using  changes  in  the  resonant  wavelength. 
If  the  aperture  is  thick  enough  and  the  DBR  stop  band  large  enough,  the  center 
mode  may  be  shifted  so  far  to  shorter  wavelengths,  that  a  second  mode  at 
longer  wavelengths  will  appear  and  one  might  incorrectly  conclude  the  index 
change  is  of  the  opposite  sign.  A  related  problem  is  shifting  the  mode  in  the 
apertured  region  beyond  the  mirror  stop-band  in  which  case  the 
approximations  used  to  derive  Eq.  (4-12)  do  not  really  hold.  In  these  cases,  it 
may  be  more  accurate  to  use  the  integral  approach  Eq.  (4-9).  Although 
reference  [8]  suggests  significant  discrepancy  between  the  methods,  they  agree 
(as  we  show  next)  for  thin  apertures  provided  one  uses  the  same  standing-wave 
intensity  profile  for  all  values  of  x  and  y  (in  accordance  with  perturbation 
theory). 

In  Figure  4-7,  we  plot  the  distributed  index  difference  vs.  the  aperture 
thickness  for  an  aperture  positioned  in  the  first  quarter-wave  layer  of  the  DBR 
(as  shown  in  Figure  4-5).  The  three  sets  of  curves  show  A /id  vs.  the  thickness 
of  the  aperture  in  the  cases  that  the  thickness  is  increased  from  the  standing- 
wave  null,  from  the  standing-wave  peak  and  from  the  center  of  those  positions. 
The  dashed  lines  correspond  to  the  result  of  Eqs.  (4-8)  and  (4-9)  while  the  solid 
lines  are  the  result  of  Eq.  (4-12).  For  the  aperture  starting  from  the  null,  the 


1 00  Chapter  4:  Analysis  of  Index  Aperture  Optical  Confinement 

increase  in  Antf  is  much  slower  initially  than  for  the  aperture  starting  from  the 
peak.  Initially,  the  increase  is  quadratic  with  thickness.  Thus,  if  an  aperture  is 
tapered  in  a  linear  fashion  from  the  null,  then  the  effective  phase  profile  will  be 
parabolic. 


oxide  thickness  (nm) 

Figure  4-7:  The  distributed  index  difference,  Antf,  calculated  for  the 
same  unapertured  cavity  as  labeled  in  Figure  4-5  now  plotted 
vs.  the  thickness  of  the  oxide  aperture  extending  from  the  peak 
of  the  standing-wave,  from  the  null,  and  from  the  center  of 
these  positions.  The  solid  lines  indicate  the  result  of  Eq.  (4- 
12)and  the  dashed  lines  indicate  the  result  of  Eqs.  (4-8)  and  (4- 
9). 

Lasing  Wavelength(s) 

We  have  described  how  the  aperture  shifts  the  distributed  index  from  the  core 
to  the  “cladding”  or  apertured  regions  of  the  VCSEL.  And  we  know  that  the 
actual  mode  will  have  some  effective  modal  index,  nm  between  n0  and  nd.min. 
For  the  case  of  circular  step-index  waveguides,  we  can  determine  that  effective 
modal  index  from  the  V  number,  which  we  can  use  to  get  the  normalized 
propagation  constant,  6[13]  that  we  can  read  from  dispersion  charts  or 
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calculate  ourselves.  The  index  difference,  A nm  =n0-n„,  between  the  “core” 
index,  rtQ,  and  the  mode  index  is  approximately  given  by: 

Anm=(\-b)And  (4-14) 

when  the  distributed  index  steps  are  reasonably  small.  (And  they  typically  are 
in  comparison  with  the  average  index!)  When  the  mode  is  in  a  fiber,  we  know 
the  wavelength  is  constant,  but  the  propagation  constant,  ft=(2n/X)nm  changes 
for  different  modes.  In  our  subsequent  analysis  of  difffaction/scattering  losses, 
we  will  be  examining  “unfolded”  cavities  and  these  will  appear  similar  to 
continuous  fibers  in  the  sense  that  we  will  hold  the  wavelength  fixed  and  (5  will 
change.  However,  for  determining  the  amount  of  diffraction  it  is  not  very 
critical  to  account  for  the  change  in  wavelength  because  the  percentage  change 
is  very  small.  Of  course,  we  know  that  in  the  actual  cavity,  we  have  resonance 
which  will  force  the  wavelength  to  change  so  that  (3  is  the  same  for  all  modes. 
(More  precisely,  we  should  say  for  all  the  modes,  where  X0  is  the 

resonant  wavelength  of  an  unapertured  cavity  -  the  longest  wavelength  that  a 
mode  can  have,  and  m  is  an  integer  not  necessarily  the  same  for  all  modes.) 
For  the  case  of  abrupt  apertures,  we  can  satisfy  this  condition  using  the  circular 
step-index  waveguide  analysis.  We  can  determine  the  difference, 
A Xm  =X0-Xm,  between  this  “core”  wavelength  and  the  lasing  wavelength,  to 

first  order,  using: 

M.  =  A*m  =  (l-b)And  (4_15) 

K  no  no 

which  one  can  verify  will  cancel  any  first-order  changes  in  /?  from  the  change 
in  na. 


Using  the  different  V  s  for  different  modes,  one  can  find  their  wavelength 
separation.  And  this  separation  of  modes  predicted  from  a  uniform  waveguide 
model  has  been  shown  to  match  the  wavelength  separation  measured  in 
VCSELs[14].  Consequently,  measuring  the  changes  in  resonant  wavelength 
for  the  first-order  and  higher  order  modes  allows  one  to  work  backwards  and 
find  the  VCSEL  aperture  size  which  will  produce  such  a  wavelength  separation 
as  done  by  Thibeault[15],  Floyd[16]  and  others. 
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Gain  and  Thermal  Guiding 

When  the  index  confinement  is  very  weak,  we  will  eventually  need  to  consider 
the  effect  the  gain  has  confining  the  mode.  The  “gain”  confinement  in  the  case 
of  no  lateral  variation  in  the  real  part  of  the  refractive  index  has  been  analyzed 
previously  in  ref.  [9].  The  confinement  due  to  the  gain  is  typically  much 
weaker  than  any  index  confinement.  If  the  change  in  the  imaginary  part  of  the 
index  is  distributed  through  the  cavity  then  the  index  step  is 
Im{Awrf}  =  G/(*oZc),  where  G  is  the  gain  per  pass.  For  typical  VCLs, 
G=0.005,  Z,c=1.2|im  and  A=Tpm,  Im{A/i^}  =  0.0007,  which  is  generally  much 
lower  than  the  real  part  of  the  index  step.  The  gain  also  induces  a  similar  size 
change  in  the  real  part  of  the  index  (through  the  Kramers-Kronig  relation). 
Either  change,  however,  will  affect  the  mode  shape  only  for  very  weak  index 
guiding. 

A  more  important  limit  to  consider  is  that  of  thermal  lensing.  Guiding  may  be 
dominated  by  thermal  lensing  when  a  large  temperature  gradient  exists  within 
the  radius  of  the  aperture.  For  typical  AlGaAs/GaAs  VCLs  the  mode  moves 
~0.06nm/°C  [17].  For  a  20°C  gradient,  A=l(im,  and  n= 3.2,  then 
A nd  =  nAA/A  =  0.004 .  Even  apertures  with  relatively  small  distributed  index 
steps  (five  to  ten  times  this  value)  will  still  dominate  the  waveguiding  in  a 
device. 

Overview  of  Index  aperture  optical  losses 

The  periodic  nature  of  the  guiding  revealed  by  an  unfolded  cavity,  like  that  in 
Figure  4-4a  shows  that  an  abrupt  aperture  cannot  perfectly  focus  the  mode  and 
so  there  will  be  some  power  radiated  laterally.  There  can  be  other  size- 
dependent  optical  losses  as  well  such  as  absorption  by  the  aperture  or 
scattering  due  to  the  roughness  of  the  aperture.  However,  the  loss  we  will  be 
considering  in  the  next  sections  is  due  to  the  imperfect  lensing  of  the  aperture. 
By  imperfect  lensing  we  mean  there  is  a  modal  mismatch  between  the 
aperture/lens  region  (which,  in  the  case  of  abrupt  apertures,  has  Bessel 
functions  for  modes)  and  the  unguided  region  with  ffee-space  or  Hermite 
Gaussian  modes.  This  mismatch  must  be  accommodated  by  a  superposition  of 
higher-order  guided  and  radiation  modes.  Technically  speaking,  the  whole 
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mode  of  a  laser  is  a  radiation  mode,  but  one  often  considers  it  in  several  parts 
by  expanding  it  in  the  basis  set,  say  of  modes  of  a  waveguide  which  is  uniform 
along  the  z-axis.  From  this  perspective,  we  can  estimate  how  much  power  is 
radiated  away  uselessly  (i.e.  power  which  cannot  be  captured  by  a  reasonable 
numerical  aperture  just  beyond  the  output  facet). 

In  the  next  sections,  we  will  present  calculations  of  the  scattering  loss  based  on 
coupling  losses  and  based  on  a  more  complicated  iterative  model.  These 
calculations  have  confirmed  the  hypothesis  that  optical  scattering  losses  are 
responsible  for  the  increased  gain  and  lower  slope  efficiencies  of  small  <4pm 
diameter  VCSELs  with  abrupt,  80nm  thick  apertures.  And  the  calculations 
directed  subsequent  VCSEL  designs  towards  optically  weaker  (thinner  or 
positioned  at  nulls)  or  tapered  apertures  for  lower  scattering  losses  at  small 
diameters. 

Effect  on  threshold  gain: 

The  scattering  losses  we  will  calculate  in  terms  of  the  excess  loss  per  pass,  ccg. 
Since  the  gain  will  need  to  rise  to  match  these  losses,  the  threshold  condition 
now  reads: 

^xyTenhSLa  =^'(7’l  +Tl)+  aBA  +  aS  (4_  j  g) 

G  =  a0  +aBA  +as 

where  Tx  and  Tz  are  the  power  transmissions  for  a  plane-wave  at  normal 
incidence  upon  the  top  and  bottom  mirrors,  T^  is  the  enhancement  factor  for 
the  gain  region  (between  0  and  2),  g  is  the  material  gain  per  well  (in  units  of 
inverse  length)  -  assumed  here  to  be  laterally  uniform,  Z,a  is  the  total  length  of 
the  active  region(s),  and  aBA  is  the  size  independent  loss  per  pass  due  to 
absorption  from  dopants,  etc.  (aBA=amZc  may  be  thought  of  as  an  average 
material  absorption,  am,  in  units  of  inverse  length  times  the  cavity  length.).  We 
have  also  expressed  the  equation  in  terms  of  the  modal  gain  per  pass,  G,  and 
the  transmission  loss  per  pass,  a0.  Later,  we  will  use  the  change  in  the  modal 
gain  relative  to  that  for  a  planar  structure,  AG=  as  to  determine  the  excess  loss. 
We  also  note  that  if  the  injection  of  carriers  can  be  kept  within  the  aperture 
then  the  lateral  confinement  factor  T^  will  decrease  as  the  aperture  closes,  and 
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this  will  cause  the  gain  to  increase,  but  will  not  change  the  modal  gain  which  is 
what  we  use  to  define  the  scattering  losses.  (If  one  just  examines  material 
gain,  g,  sometimes  it  appears  as  though  thicker  apertures  will  be  “better” 
because  of  a  larger  lateral  confinement  factor.) 


Effect  on  slope  efficiency: 


Scattered  light  has  to  go  somewhere,  and  if  we  could  collect  all  of  it,  then  in 
theory  we  would  not  observe  any  change  in  the  slope  efficiency.  However,  as 
we  found  from  calculation,  most  of  the  “scattered”  light  travels  at  angles  so  far 
off-axis  it  is  totally  internally  reflected  at  a  planar  air/semiconductor  interface. 
This  light  is  hard  (impossible)  to  capture  with  any  reasonable  numerical 
aperture  just  outside  the  cavity.  And  so  one  may  write  the  modified  slope 
efficiency  as: 


Hex 


=  7, 


TJ  2 


(tffl  +  &BA  as  ) 


(4-17) 


where  Tx  is  the  output  mirror  power  transmission.  We  will  discuss  the  path  of 
scattered  light  further  after  describing  the  iterative  model  to  calculate  the 
scattering  losses. 


Single-Pass  Coupling  Loss  Estimate  of 
Scattering  Losses 


To  estimate  the  scattering  loss  per  pass,  we  can  calculate  the  coupling  losses 
after  passing  an  appropriate  mode  through  one  unit  cell  of  the  periodic 
structure  shown  in  Figure  4-4.  Unfortunately,  guided  modes  for  the  periodic 
structure  only  can  be  found  in  the  cases  of  a  parabolic  aperture  (ideal  lens)  or 
vanishing  cavity  length  (uniform  waveguide).  In  other  cases,  the  periodic 
waveguide  radiates  energy  to  free  space.  In  order  to  estimate  the  loss  in  these 
cases,  we  will  take  a  perturbation  approach  and  consider  the  periodic 
waveguide  as  a  perturbation  of  a  uniform  waveguide.  The  mode  of  the 
uniform  waveguide  has  planar  phase  fronts.  And  so  it  should  match  the  mode 
of  the  periodic  waveguide  best  when  that  mode  of  the  periodic  waveguide  also 
has  planar  phase  fronts.  As  shown  in  Figure  4-4b  (in  the  case  of  an  ideal  lens), 
planar  phase  fronts  occur  exactly  half  way  between  each  of  the  apertures  (given 
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the  symmetry  we  have  chosen).  Thus,  we  have  chosen  to  begin  the  cell  at  this 
position.  As  we  describe  in  Appendix  B,  the  uniform  waveguide  equation 
matches  the  periodic  waveguide  eigenmode  equation  to  second  order  in  Lc 
when  the  cell  begins  midway  between  the  apertures  (or  in  the  middle  of  the 
aperture),  but  the  equations  match  only  to  first  order  in  Lc  when  the  cell 
begins  elsewhere. 

Although  the  periodic  structure  will  perturb  the  uniform  waveguide  mode,  an 
important  result  of  perturbation  theory  is  that  a  first  order  change  in  the  mode 
provides  only  a  second  order  change  in  the  propagation  constant  [18,  19]. 
Thus,  the  technique  should  be  somewhat  tolerant  to  error  in  the  choice  of  the 
mode. 

The  procedure  for  estimating  losses  is  outlined  in  Figure  4-8.  We  pass  a 
uniform  waveguide  mode  once  through  the  cavity  and  compute  the  overlap 
with  the  original  mode.  The  scattering  loss  is  taken  to  be  one  minus  this 
overlap.  Essentially,  what  is  being  assumed  is  that  the  power  not  coupled  back 
to  the  original  mode  is  lost  to  radiation.  Obviously,  some  power  could  be 
coupled  to  higher  order  even  modes.  And  perhaps  it  would  be  more  accurate  to 
also  compute  the  power  coupled  to  the  third  order  uniform  waveguide  mode 
and  subtract  that  from  the  scattering  loss.  Nevertheless,  as  we  will  describe, 
the  procedure  shows  good  agreement  with  a  more  accurate  iterative  model  that 
solves  for  the  actual  mode. 
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Lc 


Figure  4-8:  Flowchart  of  the  single-pass  coupling  loss  estimate  of 
scattering  losses.  First,  the  effective  index  is  found  for  an 
equivalent  uniform  waveguide  and  the  scalar  mode  is  for  that 
waveguide  is  calculated.  Next  the  uniform  waveguide  mode  is 
propagated  through  half  a  cavity  length,  phase  shifted  by  the 
aperture  (using  a  phase  shift  corresponding  to  the  uniform 
waveguide  index  step),  and  propagated  through  another  half 
cavity  length.  The  scattering  loss  is  taken  to  be  difference 
between  unity  and  the  overlap  of  modes.  For  apertures 
without  tapering,  a  fitting  formula  was  found  for  the  results  of 
this  procedure  which  allows  one  determine  the  scattering  loss 
by  simply  “plugging  in”  the  Fresnel  number  and  the  effective 
phase  shift  of  the  aperture. 

We  will  also  show  the  results  of  this  procedure  for  apertures  without  tapered 
tips  can  be  summarized  by  a  fitting  formula  (Eq.  (4-25))  for  the  scattering  loss 
in  terms  of  the  effective  phase  shift  of  the  aperture  and  either  the  Fresnel 
number,  F,  (of  the  cavity)  or  the  V  number  of  the  uniform  step-index 
waveguide.  Now  we  show  the  details. 
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Formalism 

Mathematically,  passing  a  scalar  mode,  VF,  through  a  cell  of  the  periodic 
waveguide  can  be  represented  as  the  operator,  P  . 

py  =  Dexp  {j</>(xN,yN  )}DlP  (4-18) 

The  middle  factor  expresses  the  position-dependent  phase  shift  of  the  aperture 
defined  by  Eqs.  (4-6)  and  (4-9)  or  (4-12),  and  D  is  the  free-space  propagator 
for  the  wavefunction  diffracting  through  half  a  cavity  length.  The  operators  are 
in  terms  of  normalized  coordinates:  —  x/ a,  y^  —yla,  where  a  is  the 

characteristic  size  of  the  aperture.  For  abrupt  apertures,  a  is  defined  simply  as 
the  radius  of  the  aperture.  The  D  operator  is  defined  (in  the  Fresnel  limit)  by 

[13] 

D  =  F-1  exp | - jk}N Lc j (4Ar0«0^2 )} F  =  F"‘  exp{-;^/(8^F)}F  (4-19) 

where  the  operator  F  is  the  Fourier  transform  defined  by 

F  =  ^dkxNdkyN  exp  \jkxNxN  +  jkyNyN  }  (4-20) 

Again,  we  are  using  the  normalized  variables,  kxN  =  kxa ,  kyN  -  kya  and 

2 

k]N  =  kxN  +  k^N.  F  =  — -  is  the  Fresnel  number  [13]. 

aZ,£ 

The  scattering  (coupling)  loss  per  pass,  as  is  now  written  as 

2 

as  =\-\\\dxf,dyN'V’rtf  l[\\dxNdytl\'V\1)  (4-21) 

What  is  important  to  observe  from  these  equations  is  that  for  a  given  aperture 
shape  the  scattering  loss  only  depends  on  two  parameters.  As  we  have 
expressed  on  the  right-hand  side  of  Eq.  (4-19),  the  diffraction  only  depends  on 
the  Fresnel  number.  Let  us  next  write  the  phase  shift 
as<j>(xN,yN)  =  <fiQs(xN,yN),  a  product  of  a  characteristic  phase  shift  of  the 

aperture,  #>,  and,  s(jcNlyN),  a  function  which  only  depends  on  the  aperture 
shape.  Modes  of  the  uniform  waveguide  (for  a  given  index  profile)  are  the 
eigenmodes  of  P  in  the  limit  that  A»d(x^y)  is  held  constant  and  Lc  approaches 
zero  (as  shown  in  Appendix  B.)  So  these  will  also  only  depend  and  F. 
Therefore,  once  the  shape  of  the  aperture  5(xN4yN)  is  defined,  the  scattering  loss, 
Ls  is  only  a  function  of  and  F. 
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Analysis  of  Parabolically  Tapered  Aperture  (Ideal  Lens) 

For  the  case  in  which  the  phase  shift  is  parabolic,  i.e.,^(r)  =  -k^n^r2  j (2  f), 
corresponding  to  a  lens  of  focal  length,  f  then  so  long  as  /  >  Lc/4  (for  the 
symmetric  cavity)  the  eigenmodes  of  the  periodic  waveguide,  P  will  be  all 
guided,  Hermite-Gaussian  modes  [10].  This  can  be  seen  easily  by  operating  on 
a  Gaussian  mode  with  P.  The  Fourier  transform  will  yield  a  Gaussian  which 
when  multiplied  by  a  quadratic  phase  will  still  be  Gaussian.  One  can  solve  for 
the  Gaussian  beam-waist  such  that  PT  =  eJ0K¥  (where  9  is  a  real  constant). 
Plugging  this  condition  into  (4-21)  gives  identically  zero  scattering  loss. 

Analysis  of  Abrupt  Apertures 


For  an  abrupt  aperture, 

JU  ,  j<fio  =  ko&”dL 
+<r">  -  {  0 


rN  <  1 

^>1 


(4-22) 


In  this  case  there  is  scattering  loss  to  radiation,  so  as  described  before,  we  will 
use  the  guided  mode  that  best  approximates  the  mode  of  the  periodic 
waveguide  to  calculate  the  scattering  loss.  The  mode  of  the  uniform,  circular, 
step-index  waveguide  is  determined  simply  from  the  V number  [13],  and  in  the 
limit  of  small  index  steps, 


V  =  k0aj2n0And  =  J4x</>0F 


(4-23) 


is  only  a  function  of  fa  and  F  as  asserted  above.  As  commonly  done,  the  V 
number  is  used  to  find  the  normalized  propagation  constant,  b,  and  then  the 
lowest  order  mode  which  is  given  by  [13]: 


*('*)=■ 


Jo  (*\vrv )  /  Jq  (/Cfj ) 
*o  (x.v^v  ) '  if  \  ) 


rN  <1 
rN  -  1 


(4-24) 


where  JQ  and  Kq  are  Bessel  functions,  rcN  =V -J\-b ,  and  yN  =  Vjb  . 

Knowing  the  mode  shape,  we  can  then  use  Eq.  (4-21)  to  find  the  scattering 
loss,  a j. 


In  Figure  4-9,  we  plot  using  solid  lines  the  scattering  loss  (for  abrupt,  circular 
apertures)  vs.  the  Fresnel  number,  F  for  different  values  of  the  phase  shift  per 
pass,  fa. 


Scattering  Loss, a  (%  per  pass) 
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Figure  4-9:  Results  of  the  single-pass  coupling-loss  estimate  for 
scattering  loss  for  laterally  abrupt  apertures.  The  estimate 
only  depends  on  two  parameters:  the  Fresnel  number  of  the 
cavity  (plotted  along  the  x-axis)  and  the  effective  single  pass 
phase  shift  of  the  aperture,  For  reference,  the  radius,  a,  of 
the  abrupt  aperture  is  specified  along  the  upper  axis  for  the 
parameters  given.  Using  those  same  parameters  we  have  also 
given  the  index  step,  And  shown  in  parenthesis.  The  solid 
lines  show  the  result  of  Eq.  (4-21)  and  the  dashed  lines  are 
calculated  from  an  approximate  fitting  function,  Eq.  (4-25). 
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To  get  a  feel  for  the  Fresnel  number,  we  have  included  a  scale  of  the  aperture 
radius  along  the  upper  axis  (for  the  particular  set  of  parameters  given  at  the  top 
of  the  graph).  These  same  parameters  yield  $,=0,442  when  A/id=0.06.  For  a 
large  Fresnel  number,  we  see  the  scattering  losses  decrease.  The  larger  Fresnel 
number  can  be  obtained  from  a  shorter  cavity  length,  an  increased  aperture 
size,  or  a  shorter  wavelength.  In  either  case  the  mode  diffracts  less,  arid  the 
losses  are  lowered.  Alternatively,  as  the  optical  strength  of  the  aperture  is 
decreased  (i.e.  $  is  lowered),  then  the  scattering  losses  also  decrease.  A  less 
intuitive  feature  of  the  plot  is  that  for  small  $,  and  small  F,  the  scattering  loss 
tends  to  zero.  In  this  region,  the  waveguide  becomes  so  weak  that  further 
shrinking  of  the  aperture  size  widens  the  mode,  decreasing  the  amount  of 
diffraction. 


We  can  add  curves  in  Figure  4-9,  to  cover  many  more  values  of  $,  and 
subsequently  fit  those  curves  to  a  functional  form.  We  can  then  obtain  a 
formula  for  the  scattering  loss  of  the  lowest  order  mode  of  abrupt,  circular 
apertures: 

as(%  per  pass)  =  2-28^jexp|-^^|  (4-25) 


The  dashed  lines  in  Figure  4-9  show  the  results  of  Eq.  (4-25).  This  formula 
matches  the  results  of  Eq.  (4-21)  extremely  well  for  the  smaller  values  of  $, 
although  at  higher  values  the  formula  begins  to  deviate  from  Eq.  (4-21).  Given 
the  correspondence  between  the  step-index  uniform  waveguide  and  the 
periodic  waveguide  with  an  abrupt  aperture,  we  can  also  express  Eq.  (4-25)  in 
terms  of  the  V  number  using  the  relation  in  Eq.  (4-23): 


(%  per  pass)  = 


61.2 


/I  49 

K _ 

r/2.6 


(4-26) 


This  analysis  can  also  be  extended  to  higher  order  modes  to  determine  the 
mode  suppression  ratio  created  by  scattering  losses  as  done  by  Dan  Lofgreen 
(unpublished).  The  main  conclusion  of  such  analysis  is  that  to  obtain  a 
significant  mode  suppression  ratio  (~30dB),  the  lowest  order  mode  also  must 
suffer  severe  scattering  losses. 
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Analysis  of  Tapered  Apertures 

To  estimate  losses  for  cavities  with  tapered  apertures,  we  would  like  to  find  the 
mode  of  an  axially  uniform  waveguide  with  a  tapered  index  profile  and  then 
use  Eq.  (4-21)  to  estimate  the  loss.  Unfortunately,  performing  such  a 
calculation  may  not  be  much  easier  than  directly  using  the  iterative  method 
described  in  the  next  section.  One  can  instead  use  a  cruder  estimate  for  the 
mode  to  calculate  the  loss.  As  mentioned  before,  the  first  order  error  in  the 
mode  will  lead  to  only  a  second  order  error  in  the  losses.  Although  using  a 
Bessel  function  (the  mode  of  a  step-index  uniform  circular  waveguide)  in 
combination  with  a  linearly  tapered  aperture  yields  lower  losses  than  for  an 
abrupt  aperture,  the  loss  is  significantly  higher  than  found  using  the  iterative 
model  (as  we  will  discuss).  Because  the  loss  is  so  low  the  second  order  errors 
for  this  “cruder”  estimate  are  significant,  and  to  obtain  greater  accuracy  one  is 
forced  to  use  the  iterative  method  or  to  find  the  uniform  waveguide  mode. 

Comparison  with  measured  losses  for 
VCSELs  with  abrupt  apertures 


Given  the  ease  of  determining  the  scattering  loss  for  abrupt  apertures  in 
different  structures,  we  can  use  the  model  to  explain  experimental  results.  In 
Figure  4-10,  we  compare  the  theoretical  predictions  to  experiment  for  a  variety 
of  designs  with  abrupt  apertures.  We  consider  three  different  980nm  oxide- 
apertured  VCSELs.  (In  Chapter  6,  we  will  analyze  experimental  results  for 
VCSELs  with  tapered  apertures.)  The  experimental  data  for  the  scattering  loss 
are  extracted  from  the  dependence  of  the  differential  efficiency  on  the  aperture 
size  [15,  20].  One  uses  an  inverted  form  of  Eq.  (4-17) 


3_l I 

Vex  ^ 


-  a0  aBA 


-1  \-a. 


(4-27) 


To  use  the  above  relation,  one  calculates  a  value  for  the  output  mirror 
transmission,  Tx,  and  determines  aBA  by  assuming  that  as=0  for  large  area 
devices.  One  must  also  estimate  by  some  means  (such  as  from  in-plane  laser 
measurements)  and  assume  it  does  not  vary  with  device  size.  We  will  discuss 
this  issue  further  in  the  next  chapter,  but  what  is  expected  in  theory  and 
supported  by  experimental  evidence  is  that  the  injection  efficiency  is 
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essentially  constant  with  size  (at  least  when  the  excesses  loss  is  low)  even  with 
lateral  current  and  carrier  leakage  increasing  the  threshold  current.  In  some 
ways,  the  arguments  are  self-supporting  because  we  will  assume  that  the 
injection  efficiency  does  not  vary  with  size  and  see  if  we  can  explain  the 
experimentally  observed  drop  in  slope  efficiency  from  our  estimate  of  the 
scattering  losses. 

The  size  of  the  devices  (presented  in  Ref.  [16]  and  Ref.  [15])  were  first 
estimated  from  an  optical  microscope  image  of  test  patterns  on  the  sample. 
Then  to  obtain  more  precise  results  the  spacing  (in  wavelength)  of  the  lateral 
modes  was  measured  for  the  particular  device  under  test.  The  uniform 
waveguide  approximation  [14]  was  then  used  to  determine  the  device  radius 
which  would  produce  that  same  wavelength  spacing.  The  method  is  accurate 
to  within  5-10%  and  works  better  for  smaller  size  devices  in  which  the 
wavelength  separation  is  larger. 

The  first  VCL  has  AlGaAs/GaAs  mirrors  and  a  80nm  oxide  aperture.  A  full 
description  of  the  structure  can  be  found  in  [16].  Assuming  a  spacer 
completely  of  index  of  «0=3.21,  we  calculate  a  cavity  length  of  Lq/ 
/70=0.483pm  (F=4.8  at  a=1.5pm)  taking  into  account  the  extra  7J2  spacer  and 
grading  using  the  method  specified  in  Appendix  B.  We  show  the  calculated 
loss  for  the  case  of  an  oxide  aperture  in  the  structure,  which  has  a  Aw<f=0.055 
and,  consequently,  $,=0,547.  And  we  show  the  case  in  which  air  is  used 
instead  of  the  oxide,  yielding,  A/i</=0.068,  and  consequently,  $,=0,676.  Even  if 
the  aperture  were  air  instead  of  oxide,  the  predicted  losses  are  not  significantly 
higher  despite  the  larger  index  step. 

The  second  VCL  also  has  AlGaAs/GaAs  DBR  mirrors,  but  with  a  thinner 
30nm  oxide  aperture  [15],  The  thinner  oxide  leads  to  a  lower  An^O.02  and 
$,=0,174.  The  shorter  cavity  length  of  Lc/n0=0.423pm  (F=5.4  at  o=1.5pm)  is 
due  to  using  a  higher  aluminum  mole  fraction  in  the  top  DBR. 

The  third  set  of  data  corresponds  to  a  47nm  thick  oxide  layer  in  a  7J2  spacer 
region  with  a  MgF/ZnSe  top  mirror.  The  loss  was  extracted  from  differential 
efficiencies  in  Ref.  [21]  assuming  7/=0.8.  Despite  the  variation  in  the  data  at 
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the  smaller  size,  the  losses  are  still  significantly  lower  than  those  predicted  for 
the  device  with  the  80nm  thick  oxide,  and  in  the  neighborhood  of  the 
theoretical  prediction.  The  high  contrast  mirrors  and  short  spacer,  lead  to  a 
very  short  cavity  length  of  Lq/  «0=0.30pm  (F=  7.7  at  o=1.5pm).  The  aperture 
position  (near  a  standing-wave  null)  keeps  the  index  step  A«^f=0.023  roughly 
the  same  as  the  device  with  the  30nm  thick  oxide. 


Figure  4-10:  Comparison  of  the  single  pass  estimate  with  experimental 
results  with  980nm  oxide-apertured  vertical-cavity  lasers.  The 
data  indicated  by  solid  black  squares  is  from  Ref.  [16].  The 
device  has  an  80nm  thick  oxide  aperture  and  AlGaAs/GaAs 
mirrors.  The  two  upper  theoretical  curves  with  $>=0,676  and 
$,=0,547,  respectively  correspond  to  80nm  thick  air  and  oxide 
apertures  in  that  device. 
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but  a  relatively  high  upper  bound  on  the  absorption  is  aox=100cm'’[22,  23] 
which  is  the  measurable  absorption  in  the  UV  from  ellipsometry  of  thin  films 
and  estimated  absorption  in  in-plane  waveguides  at  lpm[24].  Even  with  an 
absorption  this  high,  the  loss  per  pass  is  still  estimated  to  be  extremely  small 
(negligible  in  comparison  with  scattering  losses).  In  Figure  4-11,  we  show 
such  an  estimate  which  was  made  by  using  the  effective  index  steps  shown 
(And=0.004,  0.02  and  0.06)  to  calculate  the  mode  for  a  step-index  uniform 
waveguide.  The  fraction  of  power  absorbed  was  determined  from  the  overlap 
of  the  aperture  and  mode  times  aox  tox.  (We’re  assuming  the  oxide  is  midway 
between  a  peak  and  null  of  the  standing  wave  so  that  tox  and  the  absorption 
scales  linearly  with  And.)  Although  the  lateral  overlap  of  the  aperture  and  the 
mode  increases  as  the  aperture  gets  thinner,  the  smaller  thickness  more  than 
compensates  so  the  overall  absorption  goes  down.  For  the  excess  loss  to  be 
significant,  the  oxide  thickness  or  the  material  absorption  would  need  to  be  an 
order  of  magnitude  higher. 


diameter  (pm) 

Figure  4-11:  Estimated  absorptive  loss  if  the  oxide  had  100cm'1  loss 
(for  the  purposes  of  estimating  the  mode  an  abrupt  aperture 
was  used).  Notice  the  maximum  of  the  vertical  scale  is  only  a 
fraction  of  the  scale  on  the  scattering  loss  graph. 
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Iterative  Calculation  of  Mode  and  Scattering 
Losses 

Although  we  found  a  simple  estimate  for  the  scattering  loss  from  the  coupling 
loss,  we  would  like  to  verify  the  estimate  and  see  what  other  subtleties  of  the 
problem  there  are  to  uncover.  Unfortunately,  the  exact  calculation  of  the  mode 
and  losses  in  the  apertured  VCL  would  require  a  full  three-dimensional,  vector 
solution  of  Maxwell’s  equations.  A  close  approximation  is  to  use  a  finite- 
difference  approach  to  solve  the  3-D  scalar  Helmholtz  equation  as  is  done  in 
Ref.  [25].  Other  techniques  which  can  be  applied  to  the  problem  include  finite 
difference  beam-propagation  [26]  or  the  method  of  lines  [27].  Here  we  will 
take  a  simpler  approach,  but  account  for  the  essential  features  of  the  problem 
not  addressed  by  the  single-pass  coupling  loss  estimate:  namely  that  the  mode 
shape  will  be  perturbed  by  periodic  waveguiding  and  that  the  hard-mirror 
approximation  is  not  exact.  We  follow  a  method  analogous  to  the  classic  work 
of  Fox  and  Li[28].  In  that  work.  Fox  and  Li  find  the  mode  of  a  resonator 
formed  by  two  mirrors  and  an  opaque  aperture.  They  propagate  a  scalar  field 
(via  the  Fresnel  integral)  around  an  unfolded  cavity  until  the  field  no  longer 
changed  shape  (at  which  point  it  is  considered  a  mode  of  the  cavity).  In  this 
work,  we  will  propagate  a  scalar  field  around  a  VCL  cavity  as  shown 
schematically  in  Figure  4-12.  This  is  an  extension  to  two  dimensions  of  the 
approach  we  took  in  [1 1]. 

To  propagate  the  field  in  the  mirrors  and  spacer  regions,  we  decompose  the 
field  into  its  plane-wave  Fourier  components  and  multiply  them  by  R(kx,ky) , 

the  angular  reflectivity  spectrum  of  the  DBR  mirror  and  the  spacer  region. 
R{kx,ky)  is  calculated  using  the  transmission  matrix  method  for  a  multilayer 

stack  [29].  For  simplicity,  we  have  used  equal  mirror/spacer  reflectivities.  The 
multiplication  in  the  Fourier  domain  is  analogous  to  the  diffraction  of  the  mode 
through  one  cavity  length  (under  the  hard  mirror  approximation).  Because  the 
mode  in  a  VCL  is  highly  paraxial,  the  reflectivities  for  s  and  p  polarized  light 
are  nearly  equal.  Nevertheless,  to  best  approximate  the  actual  polarization 
dependent  problem,  we  used  the  average  of  the  reflectivities  for  s-polarized 
and  p-polarized  waves,  which  is  an  accurate  approximation  for  a  linearly 
polarized,  radially  symmetric  mode  such  as  the  fundamental  lasing  mode. 
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(Consider  evaluating  the  integral  in  Eq.  (32)  in  Ref.  [7]  for  a  radially 
symmetric  mode.) 

Absorbing  boundary  l(x,y) 


Phase  Shift  <{)(x,y)  Gain  g(x,y) 


Figure  4-12:  Schematic  of  the  iterative  model  which  incorporates  the 
angular  reflectivity  spectrum  of  the  DBR  mirrors  and  a 
spatially  dependent  gain  region  in  addition  to  the  dielectric 
aperture.  The  arrows  follow  the  path  of  the  lateral  field  profile 
around  the  cavity.  The  field  is  alternately  multiplied  in  the 
spatial  domain  by  T(x,y),  and  in  the  spatial  frequency  domain 
by  R(kx,ky),  the  angular  reflection  spectrum  of  the  spacer 
region  and  the  DBR  mirror.  The  iteration  ends  when  the 
lateral  field  profile  changes  only  by  a  fixed  phase  shift  from 
one  pass  to  the  next. 

To  propagate  the  field  through  the  dielectric  aperture,  the  field  is  given  a 
position-dependent  phase  shift  flxy).  At  the  same  time,  the  field  is  passed 
through  a  position-dependent  gain  region  g(x,y)  and  an  absorbing  boundary 
i(x,y).  These  position-dependent  functions  are  contained  in  one  factor 

T(x,y)  =  exp[g(x,y)/2  -  t(x,y)/2  +  Mr,}')]  (4-28) 
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We  used  a  uniform  gain  i.e.  g(r  <a)  =  go  and  g(r  >  „)  =  0.  As  mentioned 
before  die  gam  plays  little  role  in  the  guiding.  This  was  easily  observed  by 
setting  #ry-H>  and  obtaining  a  much  larger  mode.  At  the  smallest  sizes.  g„ 
'  ‘""“f  A'  mode  will  expand  beyond  a.  But  this  increase  wfn 

ot  affect  the  modal  gam  which  we  will  use  to  determine  the  scattering  loss 
The  absorbing  boundary  is  needed  to  prevent  aliasing  as  a  result  of  the  FFT 
The  boundary  is  defined  by  «,<*).  Oand  <(r>R,)  =  02.  TheedgTofdJe 

boundary  was  adjusted  based  on  the  size  of  the  mode  so  that  moving  it  further 

caZlad”8  ^  ^  n0t  Cha”8e  ‘he  83in  ^  «■  m  Ae 

By  sequentially  diffracting  the  mode  through  the  minors  and  passing  it  through 
he  apertunng  region,  we  propagate  the  mode  around  the  VCL  cavity 
(following  the  path  shown  in  Figure  4-12).  Formally,  we  can  express  sending 
the  field  through  one  round-trip  as  the  operator,  Q2 

Q2  =  F~lR(kx,ky)FT  (x,y)F~lR(kx,ky)FT  (x,y)  (4-29) 

8ainmf  ,he  VCL  cavi,y’  we  begin  by  f—g  the 
d,  'V(x.y),  and  then  repeatedly  propagating  the  field  around  the  cavity  (bv 

applying  Q).  During  this  process,  the  gain,  g0  is  adjusted  to  match  the  losses 

(We  emulate  die  gain  that  will  match  the  losses  of  die  previous  pass  and  tten 

move  dre  gain  a  faction  of  die  way  to  this  value.  In  this  manner,  die  gain  is 

aised  slowly  so  that  higher  order  components  and  radiation  not  belonging  to 

he  lowest  order -mode  will  be  snipped  away.)  The  mode  is  propagated  lil 

field  only  changes  by  a  fixed  phase  from  one  pass  to  the  next,  i.e 

’  7"  =  1'» ' -  wherc  '*'»  «  the  field  after  the  «*  pass  and  6  is  a 
constant  (spatially  independent)  phase  shift.  (This  typically  takes  1-4x10' 
iterations  for  the  precision  we  desire  for  die  gain.)A,  L  “n!  V  is 

considered  to  be  a  mode  of  the  system.  As  in  Fox  and  Li's  analysis  [281  we 

eZc'edTett  rT'T815'  P^PV^V  left  and  right  so  resonance  is  not 
’  S  ^cussed  ln  the  section  on  lasing  wavelengths  this 
sort  of  propagation  leaves  the  wavelength  fixed,  but  as  far  as  diffacdon  is 
concerned,  the  error  m  the  wavelength  (around  0. 1  %)  will  not  have  a  big  effect. 
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Losses  for  abrupt  apertures 

The  results  for  the  scattering  loss  obtained  from  this  iterative  method  (for 
abrupt  apertures)  are  plotted  as  the  solid  lines  in  Figure  4-13.  The  scattering 

loss  is  defined  relative  to  the  loss,  a0  =  l-|i?(0,0)|2,  for  a  plane  wave  at 
normal  incidence.  We  determine  the  scattering  loss,  as,  from  the  modal  gain 

per  pass,  G  =  \\dxdy\vN^  eg(x,y)  - 1  =  a0+as  in  which  we  have  used  T'y , 
the  normalized  mode  which  satisfies  §<bu$¥Nf  =  1 .  During  the  simulation, 

we  set  the  background  absorptive  losses  in  the  mirror  to  zero.  If  included,  we 
would  also  need  to  subtract  these.  See  Eq.  (4-16). 

Figure  4-13  shows  the  loss  vs.  aperture  radius  for  three  different  cases.  In  cases 
B  and  C,  we  use  the  shorter  cavity  of  length  Lc/n0=0.327  pm,  and  for  the  case 
A,  we  use  the  longer  cavity  of  length  Lc/no=0.46S  pm.  The  parameters  for 
these  cavities  are  given  in  Table  4-1.  The  lowest  loss,  case  C,  was  produced 
with  a  small  effective  index  step  of  A/id=0.02.  From  Figure  4-7,  we  see  this 
step  may  be  produced  with  a  12nm  thick  oxide  aperture  placed  at  the  start  of 
the  first  DBR  layer.  Case  B,  uses  the  same  cavity  length,  but  the  index  step  is 
higher  And=0.06  which  could  correspond  to  the  same  structure,  but  with  an 
oxide  aperture  nearly  filling  the  first  quarter-wave  layer  (See  Figure  4-7).  This 
larger  index  discontinuity  in  case  B  leads  to  the  higher  losses. 

In  case  A,  we  have  a  longer  cavity  length,  increasing  diffraction,  but  the  index 
step  is  reduced  to  And=0.042  to  yield  the  same  phase  shift  per  pass,  (ft,  as  in 
case  B.  Physically,  this  adjustment  is  the  same  as  increasing  the  cavity  length 
for  a  fixed  aperture  thickness. 

From  the  cavity  lengths  and  the  index  steps,  we  can  determine  the  phase  per 
pass,  <j>,  and  the  Fresnel  number,  F,  for  a  given  aperture  radius,  and  then 
compute  the  scattering  loss  based  on  the  single-pass  estimate  presented  in  the 
previous  section.  The  single-pass  estimate  for  the  scattering  loss  is  shown  by 
the  dashed  lines  in  Figure  4-13.  The  estimate  matches  to  within  ~10%  with  the 
iterative  calculation  even  for  different  cavity  lengths  and  index  steps.  One 
reason  to  expect  a  good  match  is  because  the  modal  overlap  is  better  than  99% 
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between  the  lowest 
iterative  calculation 


order  mode  of  the  uniform  waveguide  and  the  mode  of  the 
(even  at  the  smallest  aperture  sizes). 


Aperture  Radius  (pm) 


Chapter  4:  Analysis  of  Index  Aperture  Optical  Confinement  1 21 

Case  (A)  shows  the  loss  for  the  longer  cavity  (See  Table  4-1), 
which  has  a  1.5X  spacer  region  and  Alo^Ga^As/GaAs 
mirrors.  Case  (B)  shows  the  loss  for  the  shorter  cavity,  (also 
in  Table  4-1)  which  has  a  1  X  spacer  region  and  binary 
AlAs/GaAs  mirrors.  Case  (C)  also  uses  the  shorter  cavity,  but 
the  aperture  has  a  smaller  phase  shift  per  pass  corresponding 
approximately  to  a  12nm  oxide  aperture  placed  at  the  first 
DBR  interface. 

Lastly,  we  should  mention  that  the  slight  “bumpiness”  in  the  curves  is  not  due 
to  lack  of  convergence  or  a  limit  to  the  spatial  frequencies.  Even  more 
bumpiness  is  observed  using  hard  mirrors  in  the  iterative  model.  (In  that  case, 
losses  also  oscillates  as  a  function  of  cavity  length)  The  bumps  are  related  to 
the  lateral  interference  of  waves  and  are  also  observed  in  other  models.  In  fact, 
if  you  were  to  use  the  analysis  by  Marcuse[30]  to  compute  the  coupling  from 
the  fundamental  mode  of  a  uniform  slab  waveguide  to  radiation  modes  under  a 
sinusodial  perturbation  along  the  z  direction,  you  would  see  the  coupling 
oscillate  as  a  function  of  the  aperture  width  and  even  drop  to  zero  at  some 
points. 


Shorter  Cavity 

Longer  Cavity 

Wavelength,  X  (nm) 

980 

980 

no 

3.52 

3.52 

L0 

1  X 

1.5  X 

nL 

2.95 

3.12 

% 

3.52 

3.52 

3.52 

3.52 

DBR  Periods 

21.5 

30.5 

Lc/no  (pm) 

0.327 

0.468 

Table  4-1:  Parameters  for  the  cavities  used  in  the  iterative  calculation 


Losses  for  linearly  tapered  apertures 

From  the  unfolded  cavity  picture,  we  know  that  the  lowest  scattering  losses 
occur  with  a  parabolic  index  profile.  Although  we  cannot  produce  this  in 
practice  because  the  current  also  would  be  blocked,  we  can  attempt  to  approach 
this  ideal  case  by  tapering  the  aperture. 
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<M>) 


m 


Figure  4-14:  Phase  shift  for  a  linearly  tapered  aperture 
For  a  linear  taper  we  define  the  phase  per  pass  as, 

<f>0  =  koAndL  r  <a 

<!>{r)  =  \(f>Q{a  +  Aa-r)jAa  a  <  r  <  a  +  Aa 


r>a  +  Aa 


(4-30) 


di&ren,t  ^  T'™  '*  Sh0W”  “  Figure  4'14-  Le‘  <*  now  compare 
fferent  types  and  amounts  of  tapering.  We  would  like  to  plot  the  loss  vs 

aperture  size  as  before,  but  the  radius  of  the  aperture  is  not  clear.  We  can  make 

an  appropriate  comparison  of  optical  loss  if  we  compare  modes  of  the  same 

size.  For  the  fundamental  mode,  we  define  the  mode  radius.  ara,  by: 

fl«  =  ^JJ^^I2/|^(0,0)|2  (4-31) 

For  a  Gaussian  mode,  ara  is  the  radius  where  the  field2  drops  by  1/e2  from  the 
Figure  4-15,  w.  show  the  behavior  of  ,he  mode  Lius  vs.  themner 
apemire  radius,  a,  for  abrupt  and  linearly  tapered  apertures.  For  the  abrupt 

sTeo^5’  We  f°  indiCaKd  With  d0tS  the  size  Predic,ed  *>">  a  unifonn 

excen"  a  J78U1  ,7  ^  h°W  “  iS  able  to  Predict  aizes 

except  at  the  very  smallest  apertures.  Also  observe  that  the  size  of  the  mode 

'  mCreaf  “  lhe  aperture  clos«  for  the  smaller  index  step.  This  effect 
occurs  as  also  expected  in  a  uniform  step-index  waveguide. 

Wid,  these  considerations  in  mind,  we  now  examine  the  scattering  loss  vs.  the 
amount7f  T  '7°  tyPeS  °f  abrUpt  apertures'  two  apertures  with  different 

amounts  of  Imeartapenng  and  the  ideal  pambolic  case.  See  Figure  4-16  For 

the  abrupt  aperture  (tWH»  wid,  the  larger  index  step,  An^.06,  the  mode  size 


Chapter  4:  Analysis  of  Index  Aperture  Optical  Confinement  1 23 

scales  with  the  aperture  size  and  the  losses  increase  for  smaller  sizes.  For  the 
smaller  index  step  however,  the  mode  size  eventually  expands  at  the  smallest 
aperture  size  (0.2pm)  and  the  losses  decrease  as  also  predicted  from  the  single¬ 
pass  coupling  loss  estimate.  The  aperture  which  is  linearly  tapered  (as  defined 
by  Eq.  (4-30))  over  Aa=0.7pm  represents  the  best  of  both  cases.  Now  the 
mode  scales  with  the  aperture  size  and  the  losses  remain  low.  To  compare 
designs,  we  ended  the  lines  in  Figure  4-16,  at  inner  radius  of  a  =0.2  pm.  For 
the  longer  taper  of  Anr=4pm,  the  losses  are  low,  but  the  mode  does  not  shrink 
smaller  than  that  of  the  lower,  abrupt  index  step.  We  see  if  the  taper  is  too 
short,  then  the  scattering  losses  will  approach  the  abrupt  case.  If  the  taper  is 
too  long,  then  the  lateral  confinement  factor  may  become  too  small  as  the 
mode  becomes  much  larger  than  the  current  aperture.  Initially,  this  scenario  is 
okay  because  the  smaller  active  region  will  counter  the  lower  confinement 
factor  lowering  the  overall  threshold  current. 


Figure  4-15:  Mode  radius  vs.  the  inner  aperture  radius  for  abrupt  and 
tapered  apertures  as  calculated  from  the  iterative  model.  The 
dots  indicate  the  sizes  predicted  for  modes  of  a  step-index 
waveguide  appropriate  for  the  abrupt  apertures 
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In  practice,  it  is  hard  for  a  long  taper  to  significantly  lower  the  confinement 
factor  because  the  current  and  carriers  spread  out.  But  a  greater  concern  when 
making  the  taper  long  is  the  electrical  resistance  one  will  have  for  a  given 
mode  size.  Another  issue  is  the  total  thickness  of  the  aperture  -  even  when 
tapered  -  not  because  of  the  optical  losses,  but  because  of  the  multimodedness 
it  creates.  Even  numerically  it  takes  much  longer  to  find  the  fundamental 
mode  because  the  higher  order  modes  want  to  stick  around.  But  many  modes 
all  lasing  in  a  small  device  may  be  desired  when  using  multimode  fiber.  Here 
a  thick  tapered  aperture  is  the  way  to  go. 

As  mentioned  in  the  discussion  of  the  single  pass  coupling  loss  estimate,  we 
can  attempt  to  estimate  the  scattering  losses  for  a  tapered  aperture  using  a  step- 
index  waveguide  mode  or  a  Gaussian.  For  the  case  of  A>i<f=0.06  and 
A<2=0.7pm,  we  can  use  the  uniform  waveguide  mode  found  by  assuming  the 
same  index  step  occurring  exactly  in  the  middle  of  the  taper.  For  this  mode 
the  losses  were  about  a  factor  of  two  lower  than  those  for  the  abrupt  aperture,’ 
but  still  several  times  higher  than  those  calculated  with  the  iterative  model. 
Using  a  Gaussian  chosen  with  the  same  mode  radius  as  in  the  iterative  model 
the  losses  are  lower  than  the  first  estimate  at  the  smallest  size,  but  higher  at  the 
larger  sizes.  Though  using  the  step-index  uniform  waveguide  mode  shows  the 
correct  trend,  it  appears  one  must  turn  to  the  iterative  model  for  accurate 
calculation  of  losses  with  tapered  apertures. 


Scattering  Loss  a  ,  (%  per  pass) 
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Aperture  radius,  a  (pm) 


Figure  4-16:  Scattering  loss  calculated  for  parabolic,  linearly  tapered 
and  abrupt  apertures  using  the  shorter  cavity  (See  Table  4-1). 
The  upper  two  curves  for  abrupt  apertures  (Ao=0)  are  from  the 
same  calculations  for  cases  (B)  and  (C)  in  Figure  4-13  plotted 
here  vs.  the  mode  radius.  The  curves  above  were  generated  by 
varying  the  aperture  inner  radius  or  shape  (in  the  case  of  a 
parabola)  calculating  the  mode  radius  and  scattering  loss. 
Although  the  doubled  valued  curve  for  An^O.02  looks  odd,  it 
can  be  explained  as  follows:  As  shown  in  Figure  4-15,  the 
same  mode  radius  may  be  created  two  different  aperture  sizes 
because  under  weak  index  guiding  the  mode  starts  expanding 
even  as  the  size  of  the  aperture  is  reduced.  The  larger  mode 
diffracts  less  and  therefore  has  lower  scattering  loss  as  is  also 
predicted  from  the  single  pass  estimate  shown  on  curve  (C)  in 
Figure  4-13. 
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For  the  larger  index-step  (0.06)  there  is  a  one-to-one  relation 
between  the  mode  size  and  aperture  size  (for  the  sizes  of 
interest)  and  so  we  have  indicated  in  the  upper  axis  this 
aperture  radius.  The  losses  for  the  parabolic  taper  increase 
rapidly  below  0.5  pm  since  the  mode  diffracts  at  angles  not 
strongly  reflected  within  the  first  few  DBR  periods.  The  solid 
curve  for  the  longer  linear  taper  (A a  =  4.0  pm)  initially 
overlaps  the  dashed  curve  for  the  parabolic  taper;  however,  the- 
aperture  closes,  and  the  long  linear  taper  cannot  produce  the 
smallest  mode  sizes 


Losses  for  a  parabolic  taper  and  the  DBR  angular  stop  band 

The  parabolic  case  (wither)  =  -^r2 /(2f)  as  discussed  during  the  single 
pass  coupling  loss  estimate  of  scattering  loss)  is  indicated  by  the  dashed  line  in 
Figure  4-16  which  at  larger  sizes  is  overlapped  by  the  solid  line  for  the  tapered 
case  of  Ao=4pm.  As  expected,  the  parabolic  profile  produces  the  least  loss  for 
the  smallest  size  modes.  However,  the  losses  abruptly  increase  below  a  radius 
of  0.6pm.  This  corresponds  to  a  Fresnel  number  around  one,  which  we 
calculate  using  the  mode  radius  for  the  characteristic  size,  i.e.,  a=am.  This  rise 
does  not  occur  under  the  hard-mirror  approximation  since  the  cavity  is  still 
stable  for  this  focal  length.  By  examining  the  modal  reflectivity  from  the 
DBR,  we  find  this  increase  is  caused  when  the  mode  size  decreases  so  much 
that  its  angular  spread  exceeds  the  angular  DBR  stop-band.  Examples  of  the 
reflectivity  vs.  angle  are  shown  in  Figure  4-17.  We  see  that  the  apparent  “stop- 
band”  of  the  mirror  is  sometimes  masked  by  the  last  interface.  When  the  DBR 
ends  on  air,  rays  at  steep  angles  are  simply  totally  internally  reflected. 
However,  what  also  matters  is  how  far  the  rays  travel  on  average  before  being 

reflected.  Effectively  what  happens  is  shown  in  Figure  4-18.  The  light  that 

hits  the  last  interface  travels  so  far  that  it  cannot  recombine  with  the  mode. 
Regardless  of  the  final  interface  we  can  quantify  the  “correct”  angular  stop 
band,  but  we  need  to  define  yet  another  DBR  penetration  depth. 
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Figure  4-17:  Reflectivity  Spectrum  vs.  angle  (as  viewed  from  inside 
AlGaAs)  for  GaAs/AlAs  DBRs  ending  on  GaAs  and  on  air 


Aside:  DBR  mirror  ray  penetration  depth 

For  small  angles,  the  diffraction  equivalent  length  of  the  mirror  is  defined  from 
the  change  in  phase  of  the  reflection,  <£>(kr)  vs.  incident  angle,  0,  (see  the  inset 
of  Figure  4-17)  or  equivalently  the  radial  component  of  the  incident  ^-vector, 
£r=ytosin(0)[7].  Consider  a  packet  of  rays  pointing  in  the  direction  0O,  but  also 
localized  in  space  say  around  x,y=0.  Upon  reflection  from  the  DBR,  the  ray 
packet  be  localized  away  from  the  origin,  say  around  *=x0ty=0,  and  the  packet 
will  also  spread  out  laterally.  Of  course,  when  0O  is  zero,  the  packet  only 
spreads  laterally  is  still  centered  at  x,y= 0.  As  we  know  this  spatial  dispersion  is 
found  from  the  second  derivative  of  the  phase  and  that  defines  the  diffraction 

equivalent  DBR  length,  LD=-^L^-  [7].  For  a  packet  of  rays 

pointing  at  0O  *  0 ,  the  packet  will  be  translated  laterally  upon  reflection,  and 
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the  amount  of  translation  will  depend  on  the  first  derivative  of  the  phase  (as  we 
know  from  Fourier  analysis). 

Total  internal  reflection 
at  air/semiconductor  interface 


Ray  scattered 
off-axis  , 


'  Mirror  with  limited 
angular  stop-band 

Figure  4-18:  Ray  trace  of  scattered  light  interacting  with  a  real  DBR 
with  a  limited  angular  stop-band.  For  AlGaAs/GaAs  mirrors 
the  angular  stop-band  is  not  much  wider  than  about  16°.  The 
light  beyond  this  angle  will  travel  through  the  DBR,  but 
eventually  will  hit  some  air  interface  (either  at  the  end  of  the 
mirror  as  shown  or  the  bottom  of  the  substrate)  Light  at  such 
an  angle  will  be  totally  internally  reflected  and  move  out 
laterally.  (In  the  numerical  model  such  light  will  be  captured 
by  the  absorbing  boundary.)  For  mirrors  with  a  wider  angular 
stop-band,  higher  angle  rays  (and  hence  smaller  modes)  can  be 
confined  better.  For  mirrors  with  an  angular  stop-band  much 
smaller  than  a  GaAs/AlAs  DBR,  one  may  be  able  to  collect 
some  of  the  scattered  light  so  the  slope  efficiency  will  be 
higher  than  expected  despite  an  increase  in  gain. 
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If  the  ray  packet  had  traveled  a  distance  Z,R  and  back  through  a  medium  of 
index,  n0.  then  the  phase  shift  and  first  derivative  would  be  given  by: 


^/ret  ~  ^k.LR 

dQfne/dk,.  =  — 2  krLR/k. 


(4-32) 


where  kz  =  J{k0n0)2  -k)  .  Reversing  the  idea,  we  can  find  the  equivalent 


ray  penetration  depth  for  a  DBR  mirror  from,  LR  — 


kz  dO 
2 kr  dkr  ' 


Although  Z,R  is 


not  defined  precisely  at  ^=0,  as  kr  ->  0 ,  LR  ->  LD  for  a  DBR  mirror  (i.e.  a 
reflector  normal  to  the  incident  light).  We  have  computed  the  ray  penetration 
depth  vs.  sin(0)  for  the  GaAs/AlAs  DBRs  we  showed  in  Figure  4-17.  Results 
of  this  calculation  are  shown  in  Figure  4-19. 


sin(6) 


Figure  4-19:  Ray  penetration  length  of  a  GaAs/AlAs  DBR  vs.  angle  as 
extracted  from  the  variation  in  the  phase  shift  of  the  reflected 
wave  vs.  sin(incident  angle).  For  small  angles  the  cavity 
length  is  constant  and  thus  may  be  approximated  well  as  a 
reflection  from  a  single  surface.  However,  rays  at  large  angles 
travel  on  average  much  further  before  being  reflected. 
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As  expected  the  penetration  depth  is  relatively  constant  near  0=0,  but  much 
arger  for  steeper  angles.  We  see  now  that  the  index  of  the  ending  material  has 
little  effect  on  the  ray  penetration  length  angular  “stop-band”. 

Tbs  ray  penetration  length  angular  stop-band  can  be  made  larger  by  using  a 
DBR  with  a  higher  index  contrast  and  thus  a  shorter  LD.  Figure  4-20  shows 
two  examples  using  different  dielectric  mirrors. 


Figure  ^O:  Ray  penetration  depth  vs.  angle  for  higher  index  contrast 
DBRs.  The  dashed  line  is  for  a  seven  pair  quarter-wave  stack 

T3 /o  °z"s*~^‘48,  nMgF=l-36.  The  solid  line  is  for  a  X/8  AlOx  + 
3A/8  GaAs  seven  pair  stack  with  n^^l.55,  nGaA3=3.52. 


Although  the  rays  are  evanescent  in  the  ZnSe  above  sin(0)=O.55,  they  still 
tunnel  through  to  the  MgF  where  they  can  interfere  and  produce  the 
osciHations  shown.  But  above  sin(0)=O.76,  the  rays  are  evanescent  in  both  the 
ZnSe  and  MgF  so  no  oscillations  are  observed.  For  the  AlOx/GaAs,  the  ravs 

7n^eVVaneSCe^  mtheGaAs  50  does  not  happen.  Interestingly,  the 
ZnSe^gF  mirror  does  not  have  a  much  wider  angular  stop  band  than  the 
GaAs/AlAs  mirror  based  on  the  ray  penetration  depth. 
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Other  Optical  Confinement  Issues  outside 
the  Iterative  model 


Multiple  Apertures 

Using  multiple  apertures  is  one  way  around  the  problem  of  the  DBR  angular 
stop-band.  One  can  add  apertures  to  keep  the  mode  focused  as  it  moves  into 
the  DBR.  However,  extra  apertures  can  also  cause  extra  scattering.  To  have 
the  iterative  model  work  with  two  apertures  in  the  mirrors  would  mean  the 
mirror  reflectivity  could  not  be  handled  in  the  Fourier  domain,  among  other 
complications,  but  we  can  turn  back  to  the  single  pass  coupling  loss  estimate  to 
get  a  clue  about  the  excess  loss  of  multiple  apertures. 


For  the  case  of  two  apertures  in  the  cavity,  then  the  amount  of  excess  loss  will 
depend  upon  the  spacing  of  the  apertures.  We  are  still  considering  apertures 
placed  symmetrically  about  the  center.  (See  Figure  4-21)  If  the  apertures  are 
spaced  by  a  cavity  length  or  they  are  right  next  to  each  other,  then  they  will 
effectively  act  like  one  thicker  aperture,  and  consequently,  scattering  losses 
will  be  increased.  However,  when  the  apertures  are  evenly  spaced  (in  the 
unfolded  cavity),  then  the  mode  diffracts  over  only  half  a  cavity  length  before 
being  partially  refocused  by  the  aperture.  One  may  treat  two  apertures  in  a 
cavity  as  two  separate  cavities  of  length  Ls  and  Lc-Ls  with  each  cavity  having 
an  effective  phase  shift  of  <heff=  <h^s^c  ^  ^2 eg-  ~  )/Lc.  (fa 

is  the  total  effective  phase  shift  of  both  apertures.)  The  analysis  ignores  the 
variation  of  the  aperture  thickness,  but  accounts  for  the  variation  in  the 
spacing.  To  first  order,  we  can  add  the  losses  from  the  two  cavities,  and  then 
the  total  loss  is  given  by 


a,  =2.28 


0.206 

<Ptf 


(4-33) 
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dkt^h  !‘22  Pt!0tS  *?  rela‘iVe  SCa"eri"8  losses  for  various  aperture  designs  By 
distributing  the  total  effective  phase  shift  over  two  apertures  (instead  of  omA 

scattering  losses  can  be  more  than  halved.  However,  simply  adding  a  second 
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aperture  to  the  cavity  (and  thereby  doubling  the  total  effective  phase  shift) 
generally  gives  higher  losses  unless  the  separation  between  apertures  is  close  to 
half  a  cavity  length. 


Figure  4-22:  Estimate  of  the  relative  scattering  loss  for  single  vs. 
double  aperture  designs  which  depend  on  the  relative  spacing 
of  the  apertures 


Strong  Reflections  off  the  aperture 

Using  the  distributed  index  difference  to  calculate  the  phase  shift  per  pass 
allows  us  to  account  fairly  accurately  for  the  essential  effects  of  reflections  off 
of  the  aperture.  (As  Jeff  Scott  shows  in  his  thesis[31],  the  enhancement  factor 
for  a  layer  can  be  deduced  from  the  left  and  rightward  waves  reflecting  off  a 
layer.)  Even  strong  reflections  will  have  similar  effects  and  this  approach  will 
account  (to  some  degree)  for  them.  The  main  effect  missed  by  only  changing 
the  phase  is  that  the  reflections  from  the  aperture  will  lower  the  mirror 
transmission  in  the  apertured  regions.  Essentially  this  is  a  form  of  gain  (or 
loss)  guiding,  which  is  typically  dominated  by  the  index  guiding.  However, 
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match  abrupt  changes  in  index).  However,  it  would  not  be  physical  to  let  these 
“propagate”  around  like  rays  in  the  unfolded  cavity  because  they  do  not  carry 
any  power.  If  we  were  to  by  multiply  these  high  Fourier  components  by 
exp(-iitz7)  when  kz  is  pure  imaginary,  then  we  would  appear  to  diminish  the 
power  in  the  mode  which  is  not  what  happens. 

To  handle  these  waves  properly,  we  would  need  to  consider  reflections  from 
the  aperture.  In  the  simplest  of  cases,  when  a  plane  wave  hits  a  single  interface 
above  the  critical  angle,  all  the  power  in  the  plane  wave  gets  reflected  back,  but 
transmitted  “wave”  is  evanescent.  Similarly,  if  a  wave-packet  containing  only 
propagating  waves  hits  the  aperture  and  the  transmitted  wave  packet  contains 
evanescent  waves,  then  to  conserve  power  some  propagating  waves  must  be 
reflected.  Thus,  if  we  ignore  reflections  from  the  aperture,  we  must  also  limit 
the  spatial  bandwidth  of  the  wavefunction. 

Summary  and  Conclusions: 

In  this  chapter,  we  have  described  the  guiding  in  index  apertured  vertical  cavity 
lasers.  As  far  as  the  mode  shape  and  the  wavelength  spacing,  the  guiding  can 
very  well  be  approximated  as  a  uniform  waveguide  except  at  sizes  around  1pm 
diameter  (for  \=lpm  VCSELs).  However,  if  we  think  in  terms  of  the  modes 
of  a  uniform  waveguide,  then  the  fundamental  mode  of  the  actual  apertured 
VCSEL  will  be  some  superposition  of  the  lowest  order  uniform  waveguide 
mode  and  higher  order  and  radiation  modes.  A  small  coupling  to  radiation 
modes  may  mean  little  for  the  mode  shape  or  wavelength,  but  it  means  much 
for  the  gain  because  the  VCSEL  needs  such  a  high  Q  cavity.  The  calculations 
in  this  chapter  showed  that  some  of  the  first  oxide  VCSEL  designs  with  80nm 
thick  apertures  had  significant  scattering  loss  below  diameters  of  4pm.  From 
the  picture  of  an  unfolded  cavity,  we  can  see  the  scattering  loss  can  be  reduced 
by  making  the  aperture  more  lens-like  which  would  mean  tapering  the 
thickness.  And  we  would  also  expect  that  if  we  could  construct  the  equivalent 
waveguide,  but  with  more  frequent  apertures  the  guiding  would  also  be 
improved.  These  changes  would  mean  shortening  the  cavity  length  and 
reducing  the  effective  optical  strength  of  the  aperture.  The  calculations 
presented  in  this  chapter  verify  these  intuitions  and  furthermore  allow  us  to 
state  more  strongly  that  simply  by  shortening  the  cavity  length  (despite 
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stronger  effective  guiding),  the  loss  will  be  reduced.  Reducing  the  optical 
strength  of  the  aperture  is  equally  effective  at  lowering  scattering  losses  and 
easier  in  practice  than  shortening  the  cavity.  The  analysis  presented  allows  one 
to  estimate  the  scattering  losses  for  single,  abrupt  apertures  using  a  simple 
formula  depending  only  on  the  Fresnel  number  and  the  effective  phase  shift  of 
the  aperture.  As  we  described,  this  effective  phase  shift  can  be  found  from  the 
aperture  overlap  with  the  standing- wave  or,  as  done  by  Hadley  [8],  from  the 
change  in  cavity  resonance.  This  effective  phase  shift  is  highly  dependent  on 
the  position  of  the  aperture  in  the  longitudinal  standing  wave. 

These  estimates  of  the  scattering  loss  helped  explain  the  drop  in  slope 
efficiency  of  small  devices  and  led  researchers  here,  like  Thibeault[15],  and 
Margalit[33],  and  elsewhere[3,  4,  34]  to  start  using  thinner  or  optically  weaker 
apertures.  An  iterative  model  for  the  mode  and  scattering  losses  using  the 
actual  VCSEL  mirrors  showed  the  simpler  single-pass  coupling  loss  estimate  is 
fairly  accurate  except  for  mode  sizes  around  1  pm  diameter  which  are  so  small 
that  the  finite  angular  stop  band  of  a  GaAs/AlAs  DBR  cannot  support  their 
wide  k-vector  spectrum.  (To  quantify  this  limit  we  introduced  the  ray 
penetration  depth  of  a  DBR). 

Higher  index  contrast  mirrors  are  one  way  to  beat  the  limit  on  mode  size  or 
alternatively  one  may  use  multiple  thin  apertures.  The  reduction  of  scattering 
losses  from  additional  apertures  depends  how  well  separated  they  are.  If  two 
apertures  are  too  .close,  then  they  will  have  higher  losses  than  a  single,  thinner 
aperture.  We  made  a  simple  estimate  for  the  loss  by  modifying  the  earlier 
estimate  for  single  apertures.  Given  diffusion  of  carriers  it  may  not  be 
advantageous  to  confine  modes  smaller  than  1pm  unless  you  really  want  a 
microcavity.  (In  fact,  the  threshold  can  even  be  lower  when  a  slightly  larger 
mode  is  pumped  in  the  center.) 

In  the  remainder  of  the  thesis,  we  will  examine  experimentally  the  use  of 
tapered  apertures  for  reduction  of  the  scattering  losses.  (In  addition,  we  will 
examine  other  issues  such  as  aperture  placement  for  current  confinement  and 
the  improvements  in  wall-plug  efficiency  at  lower  optical  powers.)  As  we 
calculated,  tapered  apertures  (provided  the  index  gradient  is  low  enough) 
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should  have  much  lower  excess  losses  than  abrupt  apertures  of  the  same 
thickness.  As  far  as  scattering  losses  for  the  fundamental  mode,  very  thin 
apertures  placed  at  a  null  have  comparable  losses.  However,  if  one  wants  to 
guide  higher  order  modes  with  low  losses  in  order  to  make  smaller  multimode 
VCSELs  for  use  with  multimode  fiber,  then  thick,  tapered  apertures  have  an 
advantage  optically  over  thin  apertures.  As  we  will  later  describe  tapered 
apertures  also  have  an  advantage  for  lower  capacitance. 
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Chapter  5 : 
Current  Spreading 


Introduction 

As  discussed  in  Chapter  2,  scaling  of  the  threshold  current  density  in  apertured 
vertical  cavity  lasers  is  limited  by  scattering  losses,  current  spreading,  and 
carrier  diffusion.-  Here  we  discuss  current  spreading  in  more  detail  and  derive 
the  scaling  relations  previously  used. 

The  simple  analytic  estimate  we  derive  here  for  the  increase  in  threshold  has 
allowed  several  researchers  here  (Margalit[l],  Thibeault[2],  Akulova[3])  to 
make  sense  of  the  scaling  of  threshold  current  and  to  exclude  other  effects  such 
as  diffusion  or  lowering  of  the  injection  efficiency  to  explain  their  results. 

Not  only  does  the  analysis  yield  a  simple  formula  for  the  excess  current  at 
threshold,  but  just  as  importantly  it  shows  that  current  spreading  should  only 
negligibly  reduce  the  differential  efficiency  as  implied  by  experiment. 
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In  addition,  the  analysis  of  the  spreading  can  be  applied  to  double  aperture 
active  regions  almost  as  easily  as  single  apertured  ones.  This  allows  us  to 
estimate  the  mem  of  current  confinement  on  both  sides  of  the  active  region. 

We  show  the  original  application  of  the  analysis  to  make  sense  of  the  excess 
hreshold  in  the  thin,  abrupt  aperture  devices  of  Thibeault[4J.  And  in  the  next 
chapter,  we  wtl,  also  analyze  the  tapered  aperhtred  devLis  featured  i„ 


To  prevent  the  aurent  from  spreading  one  simply  could  leave  the  region  below 
the  aperture  undoped.  However,  it  is  desirable  to  dope  next  to  the  aperture  foT 

.™rtTnS  ,°ne  7  WiSh  '°  keeP  U,e  in,rinSiC  region  short  <°  “™id  l°ng 
transport  times  limiting  the  laser's  speed.[5]  Or  as  we  found,  it  is  necessary  to 

ensure  the  grade  down  from  the  high  aluminum  content  region  witTthe 

perture  is  doped  to  avoid  high  tum-on  voltages.  Thirdly,  an  oxide  placed  in 

intrinsic  region  near  the  active  layers  can  result  in  severe  non-radiative 

hfetae's1 Tm  0X‘de  Semic0nductor  or  perhaps  shorter  laser 

eshmaK  forl  e?  77'  *  “““  f°r  ‘he  VCL  teigIKr  ,0  ha-  *  simple 
in  performance.  °  CmeM  Spread,ng  ln  order  t0  eval'“Ic  *e  tradeoffs 

We  consider  a  simplified  version  of  the  current  spreading  problem  in  which  the 
egion  below  the  circular  aperture  is  modeled  as  resistive  sheet  on  top  of  a 
diode.  This  approach  was  first  used  for  in-plane  lasers  to  determine  the 
ncrease  ,n  threshold  due  to  spreading.[6-8J  However,  it  has  not  been  pursued 
to  the  same  extent  for  VCLs.[9]  So  here  we  will  find  a  simple  form  for  the 
change  ,n  threshold  fora  radial  geomeny,  examine  the  effect  on  the  differential 

in“  m“CvS!  “* th'  m°del  “  eXPlain  the  SCaling  of  ^  thr“hold  current 

Electrical  Model 

fl^Tth'"'  th0W  3  SChematic  of  a  P0"10"  of  *0  VCL  structure.  Current 
tough  an  aperture  of  radius,  R  into  a  layer  of  sheet  resistance  p, 

p/t  7  through  a  ooth  a  diode  J-V  characteristic,  (o  is  the 
resistivity  and  r  is  the  thickness  of  the  layer).  The  additional  cutrent  necessary 
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to  reach  threshold  may  be  estimated  by  assuming  a  uniform  voltage  across  the 
aperture  opening  and  then  determining  the  current  which  flows  beyond  the 
aperture  edge  given  the  voltage,  F//y,  at  r=R. 


Figure  5-1 :  Schematics  of  the  electrical  structure  around  the  active 
region  in  an  apertured  VCL  with  (a)  a  single  resistive  layer, 

(b)  multiple  layers,  (c)  double  apertures 

As  the  current  moves  radially  outward  through  a  small  annulus  (of  width,  dr), 
it  encounters  a  voltage  drop  due  to  the  resistive  layer. 

dV  =  I(r)  (5-D 

2rtr 

And  the  lateral  current  decreases  due  to  current  being  sunk  vertically  by  the 
diode. 

dI  =  -{2nr]drJD{V(r))  (5-2) 

where  J0(^)  =  ^0(exp[^K/(^*r)]- 1)  is  the  J-V  characteristic  of  the  diode 
layer. 
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Here  we  note  that  this  formulation  of  the  problem  can  be  generalized  by 

modifying  p„  For  two  (or  multiple)  resistive  layers  of  resistivity  p  and  A  and 

thickness  ,  and  h  as  shown  in  Figure  5-lb,  then  we  use  the  pirallel  shTe 
resistance  of  these  layers, 


P\  Pi 


Double  Apertures 

In  the  case  of  two  apertures  (as  shown  in  Figure  5-Ic),  we  need  to  consider  the 

layeMn  tP(5^  ^  reSiS'iVe  hyer  “*  *•  resistive 

ayer  in  Eq  (5-1).  So  we  simply  have  to  use  a  sheet  resistance  which  is  the 

senes  combination  of  the  resistance  of  the  upper  and  lower  layers 

„  _  ^  Pi 

P‘  ~  +  ~  (5-4) 

PT  ""  resis,ivi,ies  “d  '»  and  „  am  the  thicknesses  of  the 
upper  and  lower  layers,  respectively.  Since  the  hole  mobility  is  about  twenty 
times  less  than  the  electron  mobility  in  AlGaAs,  we  conclude  that  for  simil^ 
oping  eve  s  and  thicknesses,  adding  an  aperture  on  the  n-side  provides  less 
than  a  five  percent  increase  in  p,  and,  as  we  will  see  below,  less  than  a  five 
percent  reduction  in  the  lateral  leakage  current. 

Excess  Current  at  Threshold 

EqS'.(5nm^d  (5'2>  ^  bccn  S0lved  for  several  geometries  including 
t hTv^L  -v  nCe  conditions  are  applied  that  7=0  asr  -►  «,  and 

mat  V(R)-Vm,  one  can  determine  the  total  lateral  current.  Ini  it  ,  at  r=R. 


lour  =  2xJm  (rl,  +  l2s  )=  Io  1 2  + 


(5-5) 


2ZZ  d6fine  a  CharaCteriStiC  Spreading  Iength  ^d  characteristic  spreading 


(5-6) 
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Rather  than  writing  the  current  in  terms  of  we  have  expressed  it  in  terms  of 
j  -  nR2JlN  =  tvR2Jd(Vw )  which  is  current  injected  within  the  aperture  r<R 
if  the  resistive  drop  in  the  center  is  neglected.  The  total  current  injected  into 
the  device  is  the  sum  of  the  current  flowing  within  the  aperture  (r<R)  and  the 
spreading  current:  I mTAL  - 1 m  + 1 0(JT. 

We  have  intentionally  written  the  solution  in  two  forms  to  reveal  the  scaling  of 
the  spreading  current  vs.  device  radius,  R  and  vs.  the  current  injected  into  the 
center  of  the  device.  When  R=2LS,  over  half  the  total  current  is  lost  due  to 
spreading,  or  alternatively,  when  /w=/0,  over  half  (3/5)  of  the  total  current  is 
lost  due  to  spreading. 

The  above  solution  Eq.  (5-5)  was  found  with  the  approximation  that  the  -1  is 
dropped  from  the  diode  characteristic.  Although  that  approximation  will 
incorrectly  predict  the  current  and  voltage  distribution  at  radii  much  larger  than 
the  device  radius  (where  the  currents  are  small)[10],  a  numerical  solution  of  the 
original  equations  shows  the  error  on  the  total  lateral  current  is  negligible  when 
the  diode  at  r<R  is  biased  above  tum-on  (as  is  the  case  at  threshold). 

Effect  on  Differential  Efficiency 

With  an  estimate  for  the  current  injected  in  the  center  of  the  device  at  threshold 
one  obtains  the  excess  contribution  to  threshold  current  from  spreading  simply 
from  Eq.  (5-5).  To  find  the  change  in  the  differential  efficiency  due  to 
spreading,  we  must  examine  the  additional  current  one  must  inject  for  r>R 
relative  to  the  additional  current  injects  within  the  aperture.  Thus  we  have, 

_  Vipdl  iy,(, _ Hu, _  (5-7) 

dl iN'p  +  dl QfjT  1  +  (dl o(rr  /  dIIN  p ) 

where  t]j0  is  the  differential  efficiency  in  the  absence  of  spreading.  Inside  the 
aperture,  the  diodes  are  clamped  so  we  cannot  neglect  the  voltage  drop  due  to 
the  resistive  layer  above  them,  which  yields 

dl is.p  _  kR  2 
dV  ~~pt 


(5-8) 
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(In  this  section,  we  are  assuming  the  geometry  of  Figure  5  iat  r,  j  . 
aperture  (where  the  diodes  are  not  clamped)  w  need  to  •*  '  °“^ * 

current  found  from  differentiating  Eq.  (5-5)  Jhere  we  define^  ^ 

s4T  I  r  it  I 


/  Lz  jjfj  _  [out 

Uw  2Vr  2Vt 


dljQlIL  _  d!our'dVlm 


dIm,p/dvin 


■■  R^y7T =-£  (5-io) 


Then  the  internal  quantum  efficiency  above  threshold  is  given  by 


i+V*  l+Dv/£) 


where  we  can  rewrite 


(5-11) 


R”~J2/*3~r  ^  Dn=2  R, 


7  v  ^  (5-12) 

some  numbers  typical  for  the  InGaAs  based  MOn^VcVsTucsr'rtOOA 

d^;0a!d5:o,t;;/'5r:mi  (a  good 

is’ really Trelond-ordlr'fffem ' ^  "r°"d  ' 

threshold  spreads  verv  I  mi.  •  ^  H  addltlonaJ  current  injected  above 

™  “7y'  - 

nt  spreading  ,s  an  immeasurable  amount.  (See  Figure  5-2)  This 

rra;r^ 
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Diameter  (pm) 

Figure  5-2:  Scaling  of  injection  efficiency  below  and  above  threshold 
using  some  typical  parameters  which  yield  the  characteristic 
diameters  indicated.  Note  the  injection  efficiency  above 
threshold  barely  changes. 

Example  of  comparison  with  experimental 
results 

To  see  if  the  above  estimate  for  the  increase  in  threshold  is  reasonable,  we 
examine  the  dependence  of  threshold  current  vs.  device  radius  for  a  VCL 
(described  in  [1 1])  with  a  thin  (300A)  oxide  aperture  for  lower  scattering  losses 
than  typical  80nm  thick  apertures.  As  we  will  discuss  the  scattering  losses  are 
low  enough  that  their  contribution  to  an  increased  threshold  current  may  be 
neglected  relative  to  current  spreading;  thus  the  estimate  for  the  total  current 
only  relies  on  two  parameters:  the  broad  area  threshold  current  density  and  the 
characteristic  spreading  current,  /„. 

To  estimate  the  broad  area  threshold  current  density,  we  use  the  output  mirror 
transmission  of  0.7%,  and  ^=0.8  (from  in-plane  laser  measurements)  to 
determine  the  round-trip  broad  area  losses  from  the  measured  external 
differential  efficiency  ^=0.53,  L+T  =  T  (^  /  O*  1%  round-trip.  Using  a 
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gain-enhancement  factor  of  1.8  and  an  active  laver  thirl™  r 
cbmin  a  materia!  gain  g=  1 160  cm-  per  quantum  well.  The  toglhmic  fl.To 
Scott  Corzrne  a  gam  model  g-1200  cm"  log(J„  /  50AW)[13J  gives  J  -  m 
A/cm!.  So ^^=3Vni  =  490 A/cm!.  1  '  8  w  131 


Diameter  (pm) 


81116  5-J  Comparison  of  threshold  cuirent  data  from  the  apertured 

VCL  in  Ref  [1 1]  to  the  threshold  current  expected  with 
spreading 

To  estimate  the  characteristic  spreading  current  we  nMn  * 
features  nf  the  a-  •  *  /  8  current’  we  need  to  consider  several 

amres  of  the  device  not  previously  described.  Between  the  undoped  region 

2  5  10W  6  hT?  U  3  72nm  thiCk  A1«Ga..As  layer  doped 

2.5  10  cm  ,  a  6nm  thick  AV^As  layer  doped  1.2  10"  cm"  and  a  I0nm 

linear  grade  to  a  25nm  thick  Al^Ga^As  layer  estimated  to  be  do£«  , 
‘Tv'  S0'Ubili,,'  limi‘  0f  Be  doPin8  of  AlAs  grown  aloo°Cfl41 

0  °a"  Bet ^  r  “ ,0  ***  vie.  as  dlrld 

til  n  a  calibration  not  long  after  the  VCL  growth  revealed  that  the 
crnal  Be  dopant  concentration  in  the  structure  was  double  the  intended  value 
higher  doping  is  also  in  agreement  with  the  higher  than  expected 
absotpoon  losses  in  the  cavity  which  (as  calculated  from  the  diffell 
tetency)  are  -0.36%  per  round-trip  despite  an  undoped  top  muror.  Tte 
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aperture  extends  approximately  10  pm  from  the  mesa  edge.  The  hole  mobility 
is  effected  both  by  the  hole  concentration  and  (to  a  lesser  degree)  by  the  Al 
mole  fraction  of  the  AlGaAs.  From  the  mobilities  in  [15]  along  with  the 
doping  and  thicknesses  given  above,  the  parallel  combination  of  the  sheet 
resistance  of  these  layers  is  4.6kQ/D.  Using  rjkT/q= 0.052  volts,  we  find 
70=345pA.  Admittedly,  we  cannot  expect  to  know  the  actual  doping 
concentration,  mobilities,  or  diode  ideality  factor  to  great  accuracy.  However, 
all  these  contribute  only  to  the  characteristic  spreading  current  /„.  So  in  Figure 
5-3,  we  show  the  curves  for  the  total  threshold  current  based  on 
7„=345pA±10%. 

The  match  with  experimental  results  is  especially  good  given  the  simplicity  of 
the  model  and  that  fact  that  we  did  not  use  any  fitting  parameters.  The  model 
matches  the  data  even  at  the  smallest  sizes.  Here  we  might  expect  some 
scattering  loss  to  start  increasing  threshold.  In  fact,  the  losses  decrease  t|4X,  to 
0.43  for  the  smallest,  2.3  pm  diameter,  device.  However,  this  only  implies  an 
increase  in  threshold  of  1.4  pA.  So  neglecting  the  contribution  from  scattering 
losses  was  valid. 

Spreading  and  Carrier  Diffusion 

In  the  previous  analysis,  we  did  not  include  any  contribution  to  the  threshold 
current  from  diffusion.  However,  when  the  current  spreading  is  significant,  the 
injected  carrier  profile  is  relatively  flat  at  the  edge  of  the  active  region  (at  the 
device  radius,  R).  Consequently,  the  diffusion  currents  are  small  and 
contribute  little  to  the  increase  in  threshold. 

In  the  opposite  extreme,  one  may  have  very  low  doping  beneath  the  aperture, 
in  which  case  the  boundary  between  the  resistive  layer  and  the  diode  is  not 
distinct,  and  there  may  be  significant  diffusion  in  the  intrinsic  region  of  the 
diode.  However,  we  should  note  that  for  the  case  that  current  is  uniformly 
injected  in  the  center  of  the  device,  (in  the  absence  of  size-dependent  optical 
loss)  the  excess  diffusion  current  also  varies  linearly  with  radius[16]  which  is 
the  same  size  dependence  as  the  excess  current  from  spreading.  So  when 
neither  effect  is  dominate,  it  may  be  hard  to  distinguish  them  simply  by 
examining  the  variation  of  threshold  current  with  device  radius.  Alternatively, 
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one  can  account  for  both  current  snreadino 

including  son*  exress  CUTem  whic„  ,ncrcas*s  3imply 

Conclusion 

When  scattering  losses  are  low  current  c„ 

contribution  to  the  threshold  current  in  anem  P^admg  Can  be  30  important 
simple  estimate  has  made  sense  of  exDerim  m  Cavity  Iasers>  and  this 

analysis  shows  that  not  ody Z  c uT“  *  “d  ebe"h«*  ^ 
earner  diffusion,  but  also  that  current  screak  i/8,.0®”  **  mUCh  greater  than 
efficiency  above  threshold.  P  ^  mle  effect  on  the  injection 

with  radius  assuming  ^cm^t^t^t^eshoki^cun-ent5^630**11^  ^  ^  Hnearly 

r " -- = 

case  of  two  apexes  arcane  act^e  “  «  to  examine  the 

because  of  the  much  Zer  ele^n  ^Tr  *  !"*  *  ^  We  estimate  that 
current  will  be  small  (only  about  5%  less™  *  ^  6  t0  l0Wer  excess 
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Chapter  6 : 
Device  Results 


Introduction: 

A  major  goal  of  improved  scaling  of  device  characteristics  is  improved  wall- 
plug  efficiency  at  lower  output  powers  which  is  important  for  applications  with 
arrays  of  VCSELs  (like  free-space  interconnects  or  highly  parallel  laser 
printing).  But,  as  discussed  in  Chapter  1,  there  are  other  important 
characteristics  for  free-space  applications  such  as  single-modedness,  an 
operating  voltage  compatible  with  CMOS  or  BiCMOS  drivers,  and  low 
threshold.  When  using  integrated  microlenses  small  modes  are  also  desirable 
given  the  substrate  thickness[l].  In  addition,  one  would  like  designs  easy  to 
package  which  generally  means  they  should  be  compatible  with  flip-chip 
bonding. 
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showi"8 "» s,att  of  the 
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Key  Performance  Achievements: 

Figure  6-1  shows  a  schematic  of  the  best  perforating  device  in  this  work  I,  i« 
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Figure  6-1:  Schematic  of  the  “1*  Null”  VCESL  with  a  tapered  aperture 
positioned  at  the  1  ■  standing-wave  null  ^ 

buX“  STS'  3t  ‘hH  ""  *he  alUminUm  “"■>“««  h  increased 

DBR  lavL  ^iL^-  3  reneC,bn  °U‘  °f  Phase  with  *• 

can  beadded  m ^  7  *  n0m,al  DBR  desi8"-  “other  "tirror  period 

can  be  added  to  compensate  for  the  reduction  in  reflectivity. 

This  VCSEL  is  designed  to  be  bottom-emitting  because  such  struct:,™  ar„ 
compatible  with  flip-chip  bonding  to  connect  arrays  to  circuidy  (though  the 
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performance  we  will  describe  could  just  as  well  be  achieved  using  a  top- 
emitting  structure).  Although  the  fabricated  device  does  not  have  a  planar 
structure,  (which  would  be  even  more  convenient  for  packaging),  the  layer 
structure  is  compatible  with  that  type  of  processing  as  being  developed  here  by 
Ola  Sjolund  and  Duane  Louderback  (i.e.  processing  whereby  via  holes  can  be 
etched  and  the  n-contact  is  brought  up  to  the  same  level  as  the  p-contact.)  For 
improved  optical  efficiency  of  this  bottom-emitting  structure,  a  semi-insulating 
(SI)  substrate  is  used.  Naturally,  this  requires  an  n-intracavity  contact  which  is 
fairly  thick  (5X74)  so  that  when  etching  down  to  it  (using  reactive  ion  etching), 
the  layer  is  exposed  over  the  entire  sample  surface  despite  non-uniformity  in 
the  etch  depth.  Because  of  its  thickness,  the  layer  is  positioned  a  few  periods 
back  from  the  active  region  in  order  to  both  reduce  optical  absorption  losses 
and  the  cavity  length.  In  addition,  we  used  some  of  the  doping  design 
philosophy  discussed  in  Chapter  3,  so  that  the  absorptive  loss  could  be  lowered 
without  severely  impacting  the  device  resistance.  We  will  discuss  more  details 
later  about  the  layer  structure,  but  for  now  let  us  simply  show  the  final 
achievements. 
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Figure  6-2:  Output  Power  vs.  current  for  the  smallest  of  the  “1”  Null” 
tapered  aperture  VCSELs  (<#.  diameter  of  the  oxide  opening) 

Figure  6-2  shows  the  light  vs.  current  characteristics  of  the  smallest  of  the 
1  devtces.  The  unusual  combination  of  low  threshold  and  good  slope 
tctency  is  due  to  the  improved  scaling  of  the  broad-area  device 
characteristics  as  we  will  soon  discuss  more  thoroughly.  The  devices  have 
record  high  slope  and  wall-plug  efficiency  for  diameters  <2pm. 

If  one  has  properly  designed  the  vertical  layer  structure  so  there  is  a  reasonable 
turn-on  voltage  given  the  amount  of  optical  loss,  then  the  improved  scaling  of 

teshold  and  Ihe  sl0<*  affioiency  should  lead  to  improved  wall-plug 
efficiency  at  lower  powers  as  described  more  thoroughly  in  Chapter  2  In 
Igure  6-3  we  plot  the  wall-plug  efficiency  vs.  output  power  for  the  devices 
shown  in  Ftgure  6-2  (with  the  inclusion  of  a  slightly  larger  device).  The  key 
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feature  is  that  the  wall-plug  efficiency  for  the  2-3 pm  and  3 -4 (am  devices' 
already  reaches  20%  at  an  output  power  of  only  150pW. 


Figure  6-3:  Wall-Plug  efficiency  vs.  output  power  for  several  “Is1  Null” 
VCSELs  (2nd  processing  run) 

At  this  time,  only  one  other  VCSEL  result  has  been  published  showing  that 
high  an  efficiency  at  that  low  an  output  power[2].  However,  that  result  was 
only  achieved  in  one  device[3].  In  addition,  the  device  was  a  much  larger  7pm 
x  7pm  -  a  size  where  single-mode  operation  generally  does  not  occur.  In  any 
case,  the  key  result  of  this  thesis,  is  the  improved  scaling  of  broad-area  device 
characteristics  which  lead  to  the  improvements  at  smaller  sizes  and  lower 
power.  And  we  expect  even  further  improvements  when  carbon  doping  (which 
should  stay  where  we  put  it)  rather  than  Be  doping  is  used  in  conjunction  with 
these  designs.  The  wall-plug  efficiency  does  drop  for  the  l-2pm  size  device 
shown  in  Figure  6-3.  Although  this  size  of  device  had  the  lowest  threshold  it 
also  happened  to  be  in  a  region  of  the  sample  which  had  photoresist  interfering 
with  the  top  contact  and  even  larger  devices  in  the  same  region  had  absurdly 
high  tum-on  voltages.  However,  an  earlier  processing  run  showed  higher  (in 
fact,  record)  20%  efficiency  for  this  size  device  as  shown  in  Figure  6-4.  The 


1  Boundaries  on  the  device  size  (the  diameter  of  the  opening  in  the  oxide)  are  determined 
by  using  an  array  of  pillars  with  lithographically  defined  diameters  which  increase  in 
steps  of  l|im  and  observing  which  pillars  do  not  pass  current  because  they  are  closed-off 
by  the  lateral  oxidation 
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threshold  is  somewhat  higher  for  these  devices  than  for  those  in  the  later 
processing  run  (in  Figure  6-3).  Most  likely  this  is  a  combination  of  being 
slightly  larger  and  in  a  different  part  of  the  wafer  where  the  offset  between  the 
gain  peak  and  lasing  mode  may  be  greater. 


Figure  6-4:  Wall-plug  efficiency  vs.  output  power  for  an  earlier 
processing  run  of  the  “1st  Null”  devices.  The  efficiency  is 
somewhat  higher  for  a  given  size  most  likely  because  the 
devices  are  slightly  bigger  and  have  lower  resistance  than 
those  in  Figure  6-3. 

Note,  to  compare  the  threshold  from  the  earlier  run  (measured  using  an  ILX 
current  source)  with  the  thresholds  taken  from  the  later  processing  run  (which 
were  measured  on  a  more  accurate  HP4155  test  setup)  we  subtracted  a 
measured  offset  of  45pA  -  though  to  be  conservative  this  offset  was  not  used 
when  we  computed  the  wall-plug  efficiencies  in  Figure  6-4.  In  our  subsequent 
sections,  we  will  be  using  efficiency  and  threshold  data  from  the  devices  in  the 
second  processing  run  (those  shown  in  Figure  6-2  and  Figure  6-3)-  though  this 
will  not  change  our  conclusions. 

In  Figure  6-4,  we  see  that  the  wall-plug  efficiency  again  reaches  20%  at  only 
150pW  for  the  2-3 pm  size  device,  and  the  highest  efficiency  breaks  30% 

around  0.9mW  (not  a  world  record,  but  a  UCSB  first  for  room  temperature  CW 
VCSELs). 
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For  free-space  interconnect  applications,  we  need  VCSELs  which 
simultaneously  satisfy  several  requirements.  Consider  the  2-3  pm  size  device 
with  the  good  efficiency  at  lower  power.  It  has  a  peak  output  power  over  2mW 
and  as  shown  in  Figure  6-5,  is  also  single  mode  with  a  side  mode  suppression 
over  40dB  at  lower  power  and  still  stays  single-mode  up  to  around  1.5mW. 
(Larger  devices  were  multimode  and  smaller  devices  did  not  achieve  as  high  an 
output  power.) 


Figure  6-5:  Optical  spectrum  from  the  2-3 pm,  “1st  Null”  VCSEL 
showing  single  mode  operation  at  output  powers  below 
1.5mW 

The  other  important  requirement  for  a  VCSEL  in  a  short-distance  interconnect 
application  is  the  drive  voltage  which  one  would  like  to  have  low  enough  for 
CMOS  driver  circuitry  (i.e.  <2.5  volts  for  3.3V  CMOS.)  Figure  6-6  indicates 
the  drive  voltage  for  a  given  output  power  from  the  2-3  pm  device  shown  in 
Figure  6-2.  For  low  output  powers,  the  device  meets  this  requirement,  but  one 
always  desires  lower  voltages.  And  as  we  will  discuss  more  thoroughly  in  the 
section  on  the  scaling  of  the  device  resistance,  we  believe  this  voltage  can  be 
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lower  (even  while  maintaining  the  efficiency  and  threshold)  despite  the 
increased  resistance  at  smaller  aperture  diameters. 


Figure  6-6:  Output  Power  vs.  Voltage  for  the  2-3pm  “1*  Null”  Device 
At  the  lower  powers  (<200pW)  the  voltage  is  low  enough  for 
.  drivers.  Despite  the  increasing  resistance  at  small  size, 
wejs  ill  expect  the  voltage  can  be  improved  without  additional 
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as  rotated  until  the  maximum  output  power  was  found  and  the  extinction 
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ratio  relative  to  the  perpendicular  orientation  was  measured.  Figure  6-7  shows 
the  results.  An  angle  of  zero  or  90°  means  the  laser  is  polarized  along  the 
<01 1>  or  <  01 1  >  direction. 


Figure  6-7:  Extinction  ratio  vs.  current  for  three  different  2-3 pm  Is' 
Null  VCSELs.  The  direction  of  polarization  varies  from 
device  to  device  and  in  one  case  has  low  extinction  (even  at 
the  angle  for  maximum  extinction) 

Various  methods  have  been  tried  to  control  the  polarization  of  VCSELs 
including  anisotropic  gain[5],  asymmetric  cavities[6,  7]  and  the  use  of  a 
surface  grating[8,  9].  Although  these  methods  were  shown  effective  in  CW 
measurements  they  are  less  effective  stabilizing  the  polarization  under 
modulation[10].  For  bottom-emitting  VCSELs,  probably  an  aggressive 
anisotropic  change  of  the  top  mirror  reflectivity  is  necessary  for  polarization 
stability  under  modulation. 
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Improvement  to  Scaling  of  Device 
Characteristics 


Havtng  summarized  the  key  device  results  we  achieved,  let  us  now  analyze 
these  further  and  compare  the  scaling  of  characteristics  to  other  devices  and 
designs  m  order  to  quantify  the  impact  of  improvements  in  device  design.  In 
the  following  sections  we  will  compare  the  results  from  the  “1st  Null”  VCSELs 
we  have  just  discussed  to  two  other  structures  with  different  tapered  aperture 
designs.  A  schematic  of  the  central  portion  of  these  device  structures  is  shown 
in  Figure  6-8.  All  the  structures  are  bottom-emitting  VCSELs  with  18  5 
bottom  GaAs/AlGaAs  mirror  periods.  They  all  have  the  same  calculated 
mirror  transmission  (0.7%)  and  the  same  number  (three)  and  composition 
(lno jgGaogjAs)  for  the  quantum  wells.  The  aperture  is  centered  at  different 
pomts  m  the  standing  wave:  the  first  null  from  the  active  region,  the  first  peak 
and  the  second  null.  The  distance  between  the  aperture  tip  and  the  active 
region  vanes  from  ~230nm  in  the  “2nd  Null”  device  to  ~50nm  for  the  “1st  null” 
evice.  The  tapers  are  created  by  oxidation  of  a  thin  ALAs  layer  adjacent  to 
AIcGao  ,As  as  discussed  in  Chapter  7.  For  the  1st  and  2nd  Null  devices  the  thin 
layer  of  A!As  is  lOnm  thick  and  for  the  1-  peak  device  the  layer  is  8.5nm  thick. 

Thel  Peak  and  2"  Null  devices  are  not  intracavity  contacted  and  this  impacts 

the  broad-area  slope  efficiency  because  of  some  substrate  absorption  (but  our 
companson  of  scattering  losses  will  not  be  effected).  The  1*  Peak  device  is 
carbon  doped  in  the  top  mirror  using  a  graphite  filament  in  the  MBE  chamber 
(However,  as  we  discuss  in  Appendix  A,  excess  doping  and  possible  roughness 
m  the  top  mirror  periods  caused  by  the  doping  and  growth  conditions  lowered 
the  slope  efficiency  -  so  the  ideal  performance  was  not  achieved.)  The  top 
mirror  m  the  20d  null  devices  was  Be  doped  and  aside  from  the  aperture  layer,  it 
used  Al, ^Ga^As/GaAs  top  mirror  as  opposed  to  the  other  devices  which  used 
Al^Gao  .As/GaAs  top  mirrors.  (Unlike  the  Is*  null  devices,  the  mirror  in  the  2nd 
null  devices  was  grown  entirely  at  600°C  so  the  Be  doping  profile  was  far  from 
ideal)  Silicon  doping  was  used  in  the  bottom  mirrors  of  all  structures.  Table  6- 
1  lists  some  the  different  measured  parameters.  In  the  subsequent  analysis,  we 

Will  attempt  to  account  for  changes  in  the  broad-area  device  parameters  so  that 
the  scaling  is  the  salient  feature. 
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(a)  (b)  (c) 


Figure  6-8:  Schematic  of  the  central  portion  of  three  VCSEL  structures 
discussed  in  this  work  in  which  the  aperture  is  positioned  at 
(a)  the  2nd  null  from  the  active  region  (b)  the  Is*  peak  and  (c) 
the  l5*  null.  The  black  areas  indicate  the  oxide  aperture,  the 
lightest  regions  represent  GaAs,  the  gray  regions  indicate 
AlGaAs  except  for  the  three  stripes  across  the  center  which 
denote  the  three  InGaAs  quantum  well  active  region.  The 
oscillating  line  represents  the  standing-wave  pattern.  (Grading 
of  the  interfaces  is  not  shown.) 
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Although  some  differences  in  doping  change  the  background  loss  and 
resistance  the  prtnctple  dtfferences  between  the  structures  which  affect  the 
scaling  of  characteristics  (aside  from  resistance  which  we  are  not  comparing)  is 

Itguiir  ^  ^  Wi"  ~  h°W  ,hC  ~  " 


Ist  Peak 


0.7% 


0. 1 2%/pass 


810A/cm2 


0.7% 


870A/cm2 


0.7% 


0.10%/pass 


600A/cm2 


6el7  cm 


Aperture  Position  2ml  Null 


#  Quantum  Wells 
Output  Transmission 
Broad-Area  Loss 


J-th  (broad-area) 


J  Est.  doping  between 
;  aperture  and  active 
Dist.  between 


aperture  and  active 


Table  6-1:  Parameters  for  the  VCSELs  under  investigation 

Optical  Confinement 

As  described  extensively  in  Chapter  4.  the  main  reason  for  using  tapered 
apertures  is  their  lower  scattering  loss.  But  we  must  design  the  taper  correctly. 

"T  ^e8ree  0f  0pdcal  conf»Kment  depends  critically  not 
y  on  the  position  of  the  aperture  in  the  standing-wave,  but  also  on  the 
gradient  of  the  taper  thickness  which  combine  to  give  the  gradient  of  the 
effectively  index  step.  From  scanning  election  microscope  measurements  of 

1  Ta0"'  Ca"  ine  'he  'aper  length  ,hou8h  exact  taper  profile  is 
harder  to  detenu, ne.  Nevenheless,  we  can  estimate  the  index  gradient  if  we 

assume  die  taper  thickness  varies  linearly  and  a  plot  of  the  effective  index  step 

in  fUTm 5nJf“8.U,,°  aCC0un" the  P°si,i0"  “  *e  standing-wave  is  given 
'  .  8Ure  6-9  ,ndex  sleP  *  calculated  based  upon  the  overlap  of  the 
dielectric  perturbation  with  the  standing-wave  as  discussed  in  Chapter  4.  This 

cu  ation  agrees  with  the  index-step  calculated  based  upon  the  change  in  the 
resonant  wave, eng*  except  in  the  thickest  regions  where  die  perturbation of 
the  oxide  moves  a  second  cavity  resonance  within  the  mirror  stop-band.  One 
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can  see  the  taper  positioned  at  the  standing- wave  peak  has  a  much  higher  index 
gradient  and  this  results  in  increased  scattering  losses. 


Figure  6-9:  Effective  index  step  vs.  position  for  the  three  different  taper 
aperture  designs  calculated  assuming  the  thickness  varies 
linearly  with  position 


These  losses  are  plotted  in  Figure  6-10.  This  excess  optical  loss  is  calculated 
by  using  the  slope  efficiency  to  extract  the  total  optical  loss  and  then 
subtracting  the  loss  found  in  large  (~20pm  diameter)  devices-  a  method  used 
by  Thibeault[4,  5].  Calculating  the  total  optical  loss,  Lj{ per  pass) 


Lr  =  T/ 


.( 


next 


-1 


(6-1) 


relies  upon  calculating  the  output  mirror  transmission,  T,  estimating  the 
injection  efficiency,  r|(,  and  the  substrate  transmission,  Tt,  which  was  lower  for 
the  highly-doped  n-substrate  under  the  “first  peak”  VCSELs.  The  substrate 
transmission  can  be  directly  measured  by  comparing  the  reflectivity  in  the  stop 
band  of  the  top  DBR  (effectively  unity)  with  reflectivity  from  the  bottom  of  the 
sample  as  described  in  Chapter  3. 
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0  1  2  3  4  5  6 


aperture  radius  (pm) 

Figure  6-10:  Summary  of  the  excess  optical  “scattering”  loss  extracted 
from  the  change  in  the  slope  efficiency  with  size  for  three 
tapered  aperture  devices  and  two  other  VCSELs  with  abrupt 
apertures  taken  from  [11,12]  which  we  analyzed  in  Chapter  4. 

The  injection  efficiency  is  estimated  to  be  80%  for  the  Be  doped  devices  and 
90%  for  the  “first-peak”  carbon  doped  device.  (The  injection  efficiency  is 
consistently  measured  higher  for  carbon  doped  in-plane  lasers  than  for  Be 
doped  in-plane  lasers  with  the  same  structure  presumably  due  to  diffusing  of 
the  Be  around  the  active  region.  This  diffusion  would  increase  the  voltage 
necessary  for  inversion  and  the  resulting  excess  field  could  lower  the 
conduction  band  bamer  which  normally  keeps  electrons  from  entering  the  p- 
side.)  One  also  would  like  to  correct  for  any  injection  efficiency  changes  with 
size.  Unfortunately,  this  is  difficult  to  do.  But  the  theoretical  estimate  of  the 
size  dependence  of  the  injection  efficiency  due  to  current  leakage  given  in 
Chapter  5  indicates  an  assumption  of  a  constant  injection  efficiency  is  adequate 
and  the  measurements  of  the  clamping  efficiency  we  later  describe  suggests 
this  is  correct.  In  addition,  the  excellent  scaling  of  the  slope  efficiency  of 
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tapered  apertured  devices  sets  an  upper  bound  on  the  drop  of  less  than  10%  at 
2pm.  Despite  this  slight  inaccuracy,  our  conclusions  about  the  relative 
amounts  of  optical  scattering  from  various  aperture  designs  should  be  similar. 


Figure  6-11:  Near-field  intensity  vs.  position  for  a  mode  from  a  “1st 
Null”  VCSEL  with  a  2pm  diameter  opening 

The  size  given  for  the  abrupt  aperture  devices  from  [6,  18]  in  Figure  6-10  is 
calculated  based  upon  the  lateral  mode  separation  and,  as  described,  the  size 
for  the  aperture  opening  for  the  tapered  aperture  devices  is  determined  by  the 
closing  of  the  aperture  for  pillars  below  a  particular  diameter.  We  used  the 
convention  that  a  label  of  radius  r0  means  the  actual  radius  of  the  opening  is 
between  r0-0.5pm  and  r0.  So  the  aperture  size  for  the  tapered  apertures,  maybe 
smaller  than  indicated.  However,  we  should  keep  in  mind,  that  because  of  the 
weaker  guiding  of  both  thinner  apertures  and  tapered  apertures,  the  mode  is 
expected  to  be  larger  than  the  mode  of  an  abrupt  thick  aperture  of  the  same 
opening.  Figure  6-1 1  shows  a  line-scan  of  the  near  field  intensity  in  a  “Is*  Null” 
device  with  a  l-2pm  opening  that  shows  about  a  1/e2  diameter  of  3pm.  The 
system  resolution  was  not  taken  into  account  and  even  though  a  high  0.75  NA 
lens  was  used,  sharp  features  like  the  boundary  of  an  etched  mesa  had  a 
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boundary  about  Hun  wide_Thus,  thejcmiU  diameter  may  h  ^ 

approximately  2.8pm  -  Based  on  a  vertically  uniform 

wavegunie  analysis,  one  can  calculate  that  for  the  mode  guided  by  an  80nm 
thrck,  abrupt  apenure  (effective  index  step,  dn^o.06)  to  have  a  1/e'  “aleto 

1  m\  6  .radlUS  of  the  aPerture  owning  should  be  ~  1.8pm.  But  for  this 
ger  size,  the  excess  optical  losses  of  an  abrupt  80nm  thVL-  ^ 

around  0.2%/pass  which  still  is  much  greater  than  those  for  the  l-2^d  2-3^ 
lameter  tapered  and  thin  apertures.  Thus,  even  at  the  same  mode  size  thin  or 
apere  apertures  are  preferable  to  quarter-wave  thick  ones.  This  result  also 
agrees  with  theoretical  calculations  of  the  scattering  loss  vs  mode 
presented  in  Chapter  4.  8  °SS  S'  mode  s,ze 

In  chapter  4,  we  compared  theoretical  predictions  for  scattering  loss  to  the  loss 
for  abrupt  apertures,  and  saw  that  although  the  theoretical  loss  was  lower  tha^ 
measured  by  experiment,  it  still  followed  the  same  trends.  In  Figure  6-12  2 
compare  d,e  scattering  loss  measured  wife  that  predicted  using  tht  item, ivl 
odel  (described  in  Chapter  4)  for  the  various  tapered  apertures8  Here  we  run 

beTau^8mr  Ph  mS  bei"g  abk  10  accuratel>'  theory  and  experiment 

e  reduction  m  loss  depends  on  the  taper  profile  which  is  difficult  m 

precisely  determine  given  the  SEM  resolution  Nevertheless  we  u^ed  ,  e 

estimates  or  the  index  profile  found  above  to  generate  the  curves  The  2"  null 

Zl  KZ T’r  Td  Z  C™S  UP  *  "»  “  r  null 

—  ■  „  ffect  has  t0  do  «lth  'he  higher  overall  index  step  which  can 

confine  smaller  modes,  (The  mode  radius  for  these  sizes  is  priced  to  te 
smaller  dmn  for  die  null  curve,  The  smaller  modes  a.  die“x ceed 
the  DBR  angular  stop-band.  The  location  of  this  rise  is  very  sensitive  to  !be 

“Tm  fortes  Nul^T  an8Ular,St0P  band'  ne  “"»<«  radius  (1/e1) 

eTctive  tl  T'06  “  m  radiUS  WaS  ~U»m  su8gesting  that  the 

effective  index  may  change  more  slowly  around  the  anerture  tin  th, 

estimated  The  simulation  for  the  1*  null  device  suggests  that  because  of  the 

loss  rr  StCP’  DBR  angUlar  St0p  band  shou,d  not  **  creating  excess 

meast^Tm^e  ^  Z'"'  Ms  S,ipulation  “*«»  with  the 

"  We  Sh0Wed  abOVe-  (We  this  hrrther  a,  die  end 
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The  devices  tapered  from  the  la  peak  show  lower  measured  losses  than  the 
abrupt  apertures  of  similar  thickness  (see  Figure  6-10)  and  this  trend  is  in 
agreement  with  the  theoretical  curves  shown  though  the  scattering  loss  is 
higher  than  predicted. 


aperture  radius  (pm) 

Figure  6-12:  Measured  and  theoretical  curves  for  the  excess  loss  of 
various  tapered  apertures 

Tapered  vs.  Thin  apertures 

One  may  also  ask  if  tapered  apertures  are  preferable  to  thin  apertures  when 
both  are  placed  a  standing-wave  null.  From  the  point  of  view  of  optical 
scattering  losses  for  the  lowest  order  mode  there  is  little  difference.  However, 
there  are  situations  where  tapering  is  desirable.  If  one  washes  to  promote 
multimode  operation  in  smaller  VCSELs  use  of  a  thick,  tapered  aperture  is 
preferable  to  a  thin  aperture  which  will  not  guide  higher  order  modes.  The 
tapered  aperture  lowers  loss  not  only  for  the  fundamental,  but  also  for  higher 
order  modes.  In  fact,  the  losses  were  low  enough  in  the  2nd  Null  device  that  it 
was  still  multimode  at  a  2pm  diameter  opening.  Such  a  design  is  desired  when 
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making  lower  threshold,  but  very  multimode  “medium  sized”  (-5- 10pm 
diameter)  VCSELs  for  coupling  to  multimode  fiber.  Further,  tapering  to 
greater  thickness  fairly  far  (>3pm)  from  the  optical  mode  is  desirable  to  reduce 
the  parasitic  capacitance  through  the  oxide.  Finally,  tapering  may  occur  as  a 
result  of  other  design  conditions:  It  is  typically  necessary  to  drive  current 
through  the  layers  within  the  aperture.  Apertures  at  the  first  null  are  within  the 
cavity  which  is  typically  of  high  index,  low  aluminum  content.  However,  if 
there  is  a  large  discontinuity  in  the  aluminum  composition,  then  one  can  incur 
a  high  drive  voltage.  This  can  be  avoided  with  longer  grading  or  surrounding 
the  aperture  by  higher  aluminum  content  which  will  frequently  create  a  tapered 
aperture.  And  so  one  must  be  mindful  of  the  index  gradient  to  avoid  higher 
loss. 
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Current  Confinement 

With  size-dependent  optical  losses  nearly  extinct,  the  next  major  challenge  for 
improving  the  scaling  of  characteristics  is  to  reduce  the  lateral  current  and 
carrier 


Figure  6-13:  Threshold  current  vs.  aperture  radius  for  the  three  different 
taper  designs.  The  dashed  lines  show  the  scaling  based  only 
on  the  broad  area  current  density 

leakage.  We  saw  in  Chapter  5  that  current  spreading  can  be  a  significant 
contribution  to  the  threshold  at  small  sizes  even  after  scattering  losses  are 
removed.  In  Figure  6-13,  we  plot  the  threshold  current  vs.  aperture  radius  for 
the  three  different  structures.  Although  there  is  some  difference  in  the  broad 
area  threshold  current  densities  most  of  the  reduction  in  the  threshold  can  be 
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attributed  to  improved  current  confinement  as  the  aperture  is  positioned  closer 

to  the  active  region.  We  see  that  even  the  close  position  of  ~50nm  is  still 
beneficial. 


For  clarity,  we  have  also  plotted  the  ratio  of  the  threshold  current  density  to  the 
broad-area  threshold  current  density  in  Figure  6-14.  Although  the  1st  Peak 
devices  have  higher  scattering  losses,  the  increase  in  the  quantum  well 
threshold  current  is  small  (except  at  the  smallest  size)  given  the  size  of  the 
active  region.  Therefore,  most  of  the  change  in  threshold  current  density 
relative  to  the  broad  area  threshold  is  due  to  current  confinement  only 
(Consider  the  main  term  in  the  threshold  is  I</2  -  see  below.) 


1  2  3  4  5 

aperture  radius  (pm) 


Figure  6-14:  Threshold  current  density  relative  to  the  broad-area 
threshold  current  density  for  the  three  aperture  designs 
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To  better  understand  the  current  spreading  it  is  useful  to  compare  with  the 
model  developed  in  Chapter  5  for  the  spreading  when  there  is  a  purely  resistive 
region  between  the  aperture  and  an  active  region  with  a  diode  J-V 
characteristic.  Recalling  the  model,  lm  (in  the  absence  of  excess  loss)  should 
scale  as: 

Ijh  —  J  battR  +  —  +  (6-2) 

where  /0  =  8 n{r]kT  /  q)— ,  for  a  layer  of  uniform  resistivity,  p,  and  thickness,  t. 

P 

Figure  6-15  shows  the  threshold  vs.  size  again  where  we  have  fit  for  the 
parameter  but  used  the  broad-area  threshold  current  density  from  20-30pm 
diameter  devices. 
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aperture  radius  (pm) 


figure  6-15:  Fit  of  threshold  current  data  tn  th- 

Si  ~  ns 


aperture  and  the  active  region  the  2"  Null  H  reg'°n  between  the 

still  almost  four  times  hi <L  ^  l  m  “  °W  the  hi8hea  4  but  «  is 

cm”  -  as  approximTtdy  ed  oi  Dregr  d°Ped  «  5 

doping  combined  with  movement  during' 

the  Be  ^ 

device  are  a  berier  example.  These  were  doped  around  ^W^J”  T 
apermre  and  active  region  which  yields  a  predicted  ^  £££ 
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lower  mobility  ~60cm2/(V  sec)  expected  for  the  higher  doping  in  AlGaAs). 
We  also  observe  the  fit  not  matching  as  well  for  the  1.5  and  2pm  radius 
devices  and  this  is  probably  due  to  some  scattering  loss  at  these  sizes  that  was 
shown  in  Figure  6-10.  For  the  Is'  Null  device,  the  threshold  scales  the  best  but 
it  is  still  much  higher  than  expected  at  small  sizes  because  we  did  not  dope  the 
region  between  the  aperture  and  the  active  region.  (And  lateral  diffusion 
current  using  an  estimate  like  that  in  Chapter  2  is  still  too  low  to  explain  the 
results.)  One  possibility  is  that  during  growth  of  this  region,  which  was  at  a 
substrate  temperature  of  600°C,  Be  moved  beneath  the  aperture  and  is  causing 
the  higher  than  expected  leakage.  Secondary  ion  mass  spectroscopy  (SIM)s 
revealed  that  this  is  likely  the  case.  Figure  6-16  shows  the  SIMs  measurement 
made  after  the  top  mirror  periods  on  the  l5'  Null  sample  were  etched  away. 
(The  aluminum  measurement  was  used  as  a  marker  to  indicate  location  and  its 
sputter  efficiency  depends  upon  the  mole  fraction;  so  it  is  not  expected  to 
match  the  designed  mole  fraction  precisely.)  The  Be  clearly  has  moved 
between  the  aperture  and  active  region.  (It  is  unlikely  we  have  simply  aligned 
the  design  and  measured  curves  incorrectly  because  the  Be  also  has  moved  into 
the  GaAs  region  in  the  first  top  mirror  period.)  If  we  assume  a  hole 
concentration  of  6  1017  cm'3  over  this  region,  then  we  obtain  /o~70pA  which  is 
a  reasonable  match  given  the  typical  error  in  concentration  and  mobility. 
Lastly,  we  should  observe  a  mismatch  of  the  model  and  the  measured  current 
at  the  smallest  two  sizes  for  the  1st  Null  devices.  At  these  sizes,  the  threshold 
model  may  not  be  accurate,  but  also  the  excess  loss  or  possibly  heating  has 
raised  the  threshold  current  not  only  due  to  the  increased  gain  required,  but 
also  because  of  the  increased  lateral  leakage. 
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Depth  jam 


Figure  6-16:  SIMs  of  the  Be  profile  around  the  active  region  of  the  1* 
Null  sample  (data  taken  by  Charles  Evans  &  Associates) 

The  other  possibility  to  briefly  consider  is  that  the  injected  profile  actually 
matches  the  aperture  size  in  which  case  the  injected  current  is  smaller  than  the 


Be  Concentration  cm 
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mode  for  the  2pm  size  device  and  the  lateral  confinement  factor  is  50-70% 
(depending  upon  the  true  aperture  size).  However,  this  effect  would  only 
imply  a  factor  of  1. 4-2.4  higher  threshold  current  density  (assuming  a 
logarithmic  gain  model  with  three  quantum  wells)  needed  in  the  active  region 
which  is  still  well  below  the  observed  factor  of  ten.  We  should  note  some 
reduction  in  confinement  factor  is  not  detrimental  and,  in  fact,  can  make  for  a 
lower  threshold  current  than  one  would  achieve  for  a  unity  confinement  factor 
of  a  mode  of  the  same  size  because  the  power  density  in  the  mode  is  not 
uniform. 

Scaling  of  electrical  Resistance 

As  described  in  Chapter  2,  the  device  resistance  in  theory  scales  approximately 
inversely  with  aperture  radius  and  there  is  little  with  the  aperture  design  we  can 
do  to  change  this.  The  increasing  resistance  is  not  desirable  for  trying  to  match 
to  transmission  lines.  But  if  one  had  short  connections  as  would  VCSELs  flip- 
chip 


Figure  6-17:  Voltage  current  characteristics  for  the  Is*  Null  devices 

bonded  to  circuitry,  then  the  operating  voltage  rather  than  resistance  is  more  of 
an  issue.  We  showed  the  operating  voltage  vs.  power  previously  for  the  2-3 pm 
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1st  Null  device.  In  Figure  6-17,  we  show  the  scaling  of  the  voltage-current 
characteristics  for  these  devices.  Although  the  curves  have  a  slight  bend  above 
turn-on,  we  can  still  extract  the  resistance  vs.  size  which  we  show  in  Figure  6- 
18  along  with  the  resistance  vs.  size  for  the  carbon  doped  Is'  peak  devices.  As 
expected  resistance  scales  approximately  with  1 /(device  radius). 


Figure  6-18:  Scaling  of  resistance  for  the  Is*  peak  and  Is*  null  devices. 
Although  the  carbon  doped  1st  peak  device  has  lower 
resistance  optical  loss  was  relatively  high  so  the  wall-plug 
efficiency  was  much  lower  than  the  Is*  null  devices. 
(Although  we  have  labeled  the  designs  by  the  aperture 
position,  it  has  nothing  to  do  with  the  scaling  of  the 
resistance.) 

Sub-IOOQ  resistance  was  reached  for  the  carbon  doped  devices.  However  the 
broad-area  1“  peak  devices  had  a  slope  efficiency  of  =40%  as  opposed  to 
the  lower  background  loss  Is*  Null  devices  with  a  broad  area  t|ex=63%. 
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Although  slope  efficiency  was  sacrificed  for  lower  resistance  in  the  carbon 
doped  devices,  it  does  not  have  to  be.  The  1st  peak  devices  used  the  same 
doping  profile  in  all  of  the  top  mirror  periods.  But  the  1st  null  devices  used 
lower  average  doping  in  the  first  few  top  mirror  periods  in  order  to  have  lower 
optical  loss  without  adding  significant  voltage.  (See  Figure  6-19)  These  first 
few  mirror  periods  were  grown  at  a  higher  substrate  temperature  in  order  to 
reduce  optical  loss,  and  consequently  the  Be  moved  significantly  in  these 
layers  as  we  showed  in  Figure  6-16. 


thickness  (pm) 

Figure  6-19:  Structure,  Substrate  growth  temperatures,  average  doping 
levels  and  standing-wave  fieldA2  for  the  central  portion  of  the 
Is*  Null  device 

If  low  carbon  doping  was  used  in  these  first  periods,  then  one  should  be  able  to 
circumvent  this  problem.  (I  tried  this,  but  the  devices  had  high  threshold  due 
to  a  large  offset  between  the  gain  peak  and  lasing  mode.)  One  also  may  be 
able  to  grow  these  first  few  mirror  periods  cold  with  Be.  Last  time  that  was 
tried  (at  UCSB)  the  losses  went  up[13],  but  that  may  have  been  simply  been 
due  to  higher  Be  incorporation. 
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Scaling  of  the  clamping  efficiency 


As  previously  discussed,  we  would  like  to  have  some  idea  of  the  scaling  of  the 
injection  efficiency  with  size.  One  possible  way  to  estimate  this  is  to  measure 
the  clamping  of  the  spontaneous  emission.  The  thought  here  is  that  if  carriers 
are  moving  laterally  outside  the  region  where  they  are  “clamped”  then  this 
should  show  up  as  a  relative  increase  in  the  spontaneous  emission  above 
threshold.  To  measure  it,  we  placed  a  930nm  bandpass  filter  in  front  of  the 
detector  and  recorded  the  light  vs.  current.  At  930nm,  we  are  measuring 
emission  from  upper  states  in  the  InGaAs  quantum  wells  so  we  will  not  see 
carriers  recombining  in  the  barriers  and  cannot  measure  the  total  injection 
efficiency  (by  injection  efficiency  we  mean  the  above  threshold  injection 
efficiency  which  multiplies  the  optical  efficiency  to  yield  the  slope  efficiency 
above  threshold). 


•  W 

current  (mA) 


Figure  6-20:  Clamping  of  the  spontaneous  emission  in  the  2-3  pm 
diameter  “1*  Null”  device 

Figure  6-20  shows  the  optical  power  of  the  spontaneous  emission  vs.  current 
for  a  3pm  “la  Null”  VCSEL  and  we  observe  the  expected  change  in  slope  at 
threshold.  Independent  of  any  changes  in  optical  coupling,  we  can  calculate 
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what  we  will  call  the  clamping  efficiency,  t]c  =  {rib  ~  Ha )/ *  where  r|a  and  r|b 
are  the  slope  efficiencies  of  the  spontaneous  emission  above  and  below 
threshold,  respectively.  (Near  Margalit  used  this  clamping  previously  to 
estimate  the  injection  efficiency  in  broad-area  1.5 5 pm  VCSELs.)  Figure  6-21 
shows  this  clamping  efficiency  vs.  size.  We  see  no  strong  variation  with  size 
which  suggests  that  additional  carriers  injected  above  threshold  going  into 
unclamped  regions  relative  to  clamped  regions  changes  negligibly  with  size. 
There  are  a  number  of  assumptions  which  keep  us  from  unequivocally 
concluding  the  lateral  injection  efficiency  is  not  changing  with  size,  but  these 
data  provide  strong  evidence  that  there  is  little  variation  laterally,  which  is  in 
agreement  with  theoretical  predictions  in  Chapter  5.  Lastly,  we  should  note 
that  these  measurements  are  on  devices  with  low  scattering  losses.  If  one  were 
to  measure  devices  with  high  scattering  losses,  one  might  see  a  lowering  of  the 
vertical  injection  efficiency  with  size  since  the  carrier  density  in  the  active 
region  must  rise  with  the  additional  loss. 


Figure  6-21:  Extracted  “clamping”  efficiency  vs.  aperture  size  for  the 
Is  null  devices 
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However,  these  measurements  beg  another  explanations  for  the  small  drop  in 
efficiency  at  the  smallest  sizes  in  the  1«  Null  devices.  The  other  possible 
causes  are  the  thermal  rollover  or  an  increase  optical  losses.  Part  of  the  drop 
may  also  be  accounted  for  by  the  mode  becoming  so  small  and  divergent  that  it 
is  difficult  to  collect  all  the  light  in  the  detector.  Estimates  of  the  mode  size 
and  measurement  with  a  larger  detector  indicate  that  this  accounts  for  about  a 
2%  drop  m  the  efficiency  which  still  does  not  explain  the  drop  from  55%  to 
39%  slope  efficiency  in  the  smallest  device.  But  the  sharp  roll-over  of  the  1pm 
diameter  device  even  at  a  smaller  power  density  that  the  2pm  device  implies 
heating  is  responsible.  (In  theory,  if  leakage  currents  were  removed  then  the 
heating  will  be  lower  even  at  a  constant  power  density.) 

Conclusions  and  Future  Outlook: 

Improvements  to  scaling  from  reduction  of  scattering  losses  with  tapered 
apertures  and  with  improvements  to  the  current  confinement  have  enabled 
small  <2 pm  diameter  VCSELs  to  have  power  conversion  efficiencies  over 
20%  and  enabled  2-3pm  diameter  devices  to  reach  20%  efficiency  at  output 
powers  as  low  as  150pW.  Such  devices  can  combine  several  characteristics: 
low  threshold,  good  efficiency,  and  singlemodeness  all  of  which  are  desired  for 
applications  with  dense  arrays  of  VCSELs  like  free-space  interconnects.  Some 
sacrifice  is  made  in  resistance  when  shrinking  device  size,  but  we  expect  with 
better  dopant  control  in  the  first  few  mirror  periods  that  the  resistance  can  be 
lowered  without  adding  significant  absorptive  losses. 

The  designs  we  presented  showed  that  current  confinement  benefited  from 
bringing  the  aperture  even  as  close  as  50nm  to  the  active  region.  It  may  be 
possible  to  obtain  or  surpass  such  improvements  with  better  dopant  control 
beneath  the  aperture  although  as  we  discuss  in  Appendix  A  some  doping  will 
probably  always  be  necessary  to  dope  the  graded  region  beneath  the  aperture. 

We  demonstrated  that  tapered  apertures  are  able  to  reduce  scattering  losses 
over  abrupt  apertures.  And  such  reduction  is  also  possible  with  thin  apertures 
placed  at  a  standing  wave  null.  However,  if  one  desires  small  (5pm-ish),  very 
multimode  VCSELs  (for  use  with  multimode  fiber)  then  a  thick,  tapered 
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aperture  is  preferable.  Although  the  objective  here  was  to  improve  the  smallest 

VCSELs,  this  different  direction  may  be  emphasized  in  the  future. 
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Chapter  7 : 

Tapered  Fronts  and  other  Oxidation 
Issues 


Overview 

Wet  thermal  oxidation  of  AlGaAs  has  been  around  since  the  late  seventies  but 
only  recently  has  been  employed  in  optoelectronic  devices.  A  very 
comprehensive  review  of  work  in  this  area  can  be  found  in  Ref  [1]  and  more 
description  can  be  found  in  Chapter  4  of  Phil  Floyd’s  thesis[2].  The  purpose  of 
this  chapter  is  not  to  discuss  this  background,  but  to  describe  the  oxidation 
technique  for  forming  tapered  oxide  apertures  and  to  mention  some  under 
emphasized  issues  about  stress  and  oxidation. 

Tapered  Oxide  Apertures 

The  oxidation  rate  for  AlGaAs  is  highly  dependent  on  A1  composition.  Even 
adding  5%  Ga  will  drop  the  rate  by  an  order  of  magnitude  compared  to  the  rate 
for  pure  AlAs[3].  Typically  a  single  layer  of  uniform  AlGaAs  composition  in 
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a  vertical  cavity  laser  structure  is  oxidized  laterally  to  confine  the  optical  mode 
and  current. 


GaAs 

1 8nm  linear  grade 

152nm  Al09Ga0  ,As 

10.5nm  ALAs 
71nm  Al09Ga01As 
12nm  linear  grade 


Figure  7-1:  Schematic  of  a  layer  structure  for  a  tapered  aperture  (This 
structure  was  used  in  the  2nd  Null  device  discussed  in  Chapter 
6.) 


Figure  7-2:  A  scanning  electron  microscope  image  of  a  tapered  oxide 
aperture  formed  by  the  layer  structure  in  Figure  7-1. 
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The  oxidation  front  in  the  thinnest  (~20nm)  of  apertures  does  have  some 
curvature,  but  this  is  usually  only  over  a  fraction  of  the  thickness[4]  and  does 
little  to  affect  the  optical  mode.  Thus,  we  have  considered  such  apertures 
completely  abrupt.  But  to  form  a  more  lens-like  optical  element,  one  can  taper 
the  tip  of  the  oxidation  over  a  much  longer  distance.  This  is  possible  by  a 
combination  of  fast  lateral  and  slow  vertical  oxidation.  As  shown 
schematically  in  Figure  7-1,  a  layer  of  pure  AlAs  is  imbedded  in  lower  Al 
content  AlGaAs.  The  oxidation  proceeds  quickly  through  the  AlAs  layer,  and 
the  oxidized  layer  supplies  water  vapor  to  the  layers  above  and  below  which 
oxidize  vertically  forming  the  tapered  shape.  After  the  structure  in  Figure  7-1 
was  oxidized  in  a  steam  environment  at  430°C  for  15  minutes,  the  taper  shown 


Figure  7-3:  The  evolution  of  a  taper  as  characterized  by  R.  Naone. 
Once  formed,  the  taper  shape  does  not  change  appreciably. 
(The  sample  was  oxidized  at  450°C  using  a  water  temperature 
of  95°C  with  N2  flowing  though  it  at  l  L/min.) 
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For  the  example  structure,  it  was  found  that  after  the  initial  formation  of  the 
taper,  the  shape  does  not  change  appreciably  even  though  the  depth  of  the 
oxide  front  may  vary  by  many  microns.  Ryan  Naone  characterized  this  aspect 
for  the  development  of  taper  formed  by  a  20nm  layer  of  AlAs  sandwiched  by 
A10  97G0  03As.  His  results  are  shown  in  Figure  7-3. 

The  taper  length  is  very  sensitive  to  the  oxidation  rate  of  the  supply  layer 
relative  to  the  surrounding  AlGaAs.  And  in  the  examples  shown,  this  AlAs 
supply  layer  is  thin  enough  that  the  rate  of  oxidation  depends  on  its  thickness 
as  Naone  has  measured  and  explained  theoretically[4].  Thus,  by  varying  the 
AlAs  thickness,  we  can  vary  the  taper  length.  Figure  7-4  shows  a  calibration 
test  structure  and  the  resulting  taper  lengths  are  plotted  in  Figure  7-5. 

Comment  on  MBE  digital  alloys  and  oxidation 

We  should  note  that  when  the  structure  is  grown  by  MBE  that  it  is  important  to 
ensure  that  the  digital  alloying  is  done  in  the  same  manner  in  the  test  structure 
as  in  the  real  structure  because  this  will  effect  how  thick  the  AlAs  layer  is 
(depending,  if  the  90%  A1  layer  below  it  ended  on  AlAs  or  GaAs).  A  detailed 
growth  program  for  the  Is'  Null  VCSEL  is  given  in  the  Appendix  C.  Although 
digital  alloys  generally  have  a  period  of  2nm  or  less  so  that  they  appear 
electronically  the  same  as  the  analog  alloys,  this  makes  it  difficult  to  form  a 
digital  alloy  for  98%  A1  2%  Ga  (without  using  three  cells)  because  the  time  to 
open  and  close  the  shutters  is  too  short  at  1  pm/hr  growth  rates.  Nevertheless, 
one  can  produce'  a  98%  A1  content  layer  by  using  a  superlattice  of  4.9nm 
AlAs/O.lnm  GaAs/4.9nm  AlAs.  Although  electronically  this  structure  may  not 
look  exactly  the  same  as  a  98%  A1  analog  alloy,  the  oxidation  rate  is 
considerably  lower  compared  to  AlAs.  And  typically  all  that  matters  is  that 
material  can  be  reproduced  from  a  test  structure  to  the  actual  device. 
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1000A  GaAs 

•160  A  Linear  grade 

'  600  A  Alg.gGao.l 
- 1  A  AlAs 
'120A  Linear  grade 


200A  Alo^GaojAs 


Figure  7-4:  A  test  structure  used  the  characterize  the  taper  formation. 


AlAs  Thickness  (nm) 


Figure  7-5:  Taper  length  variation  vs.  the  thickness  of  the  AlAs  layer  in 
Figure  7-4. 

The  taper  shape  can  also  be  controlled  by  using  lower  Al  content  in  the  supply 
layer  or  in  the  vertically  oxidized  layer.  Naone  has  some  examples  of  shorter 
tapers  formed  when  the  composition  is  varied[5].  And  sometimes  it  is 
desirable  to  have  very  precise  control  over  the  amount  of  vertical  oxidation 
when  the  oxide  layer  is  used  to  control  the  resonant  wavelength  of  a  VCSEL. 
In  that  case,  a  70%  Al  content  cladding  layer  was  used[6]  adjacent  to  lOnm  of 
AlAs.  In  fact,  the  Is*  Null  devices  discussed  in  Chapter  6  use  a  70%  Al  content 
layer  above  the  90%  cladding  layer  used  to  form  the  taper.  The  70%  Al  layer 
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will  also  oxidize  vertically  some  distance  near  the  edge  of  the  sample  (-10 jam 
from  the  aperture  tip).  In  the  future  designs  it  may  desirable  to  raise  the  A1 
content  of  this  layer  in  order  to  have  the  aperture  be  thicker  near  the  edge  of  the 
device  to  reduce  the  parasitic  capacitance.  (See  Figure  7-6.) 

GaAs 

Al^Ga^As 

10.5nm  AlAs 
Linear  grade 

Figure  7-6:  Schematic  of  a  two  tiered  taper.  The  oxidation  of  the  70% 
(or  a  somewhat  higher)  A1  content  layer  can  be  used  to  form  a 
thick  oxide  layer  well  away  from  the  optical  mode  purely  for 
reducing  the  parasitic  capacitance  across  the  oxide.  (The  taper 
angles  are  exaggerated.) 

Lateral  oxidation  rate  Control 

One  must  not  only  adjust  the  composition  of  the  layers  for  the  desired  tapered 
shape,  but  also  the  oxidation  rate  should  be  reasonable  and  the  rate  for  the 
aperture  in  Is  Null  structure  is  given  below  (the  layers  oxidized  are  like  those 
in  Figure  7-4  with  a  lOnm  thick  layer  of  AlAs  except  the  90%  A1  content  layer 
is  clad  by  a  70%  A1  content  layer  -  a  precise  structure  is  given  in  Appendix  C). 
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time  (minutes) 


Figure  7-7:  Oxidation  depth  vs.  time  for  the  Is  Null  structure  described 
in  Chapter  6.  Because  the  oxide  was  buried,  the  depth  was 
measured  using  an  SEM. 

Although  for  the  quick  and  dirty  test  above,  all  the  points  happened  to  lie  on 
one  line,  generally  at  this  rate  the  depth  is  controllable  within  +/-  1pm  (from 
my  experience  closing  off  pillars  in  several  processing  runs).  Before  the 
oxidation  of  the'  full  sample  of  VCSEL  pillars,  a  portion  of  the  sample  is 
oxidized  and  a  IR  camera  is  used  in  conjunction  with  a  0.75NA  lens  to  see 
which  pillar  sizes  closed  off.  Then  the  rest  of  the  sample  is  processed.  Ideally, 
better  control  is  desired  especially  in  an  industry  environment.  Control  may  be 
improved  with  oxidation  at  lower  temperatures  using  lower  A1  content  layers 
which  oxidize  more  slowly.  However,  if  possible  one  would  like  to  re-oxide 
the  layers.  Unfortunately,  my  experiments  trying  to  re-oxide  layers  seem  to  be 
more  revealing  about  vapor  and  stress  in  the  oxide  than  helpful  to  making 
devices. 
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Re-oxidation,  Water  and  Stress  in  Oxide 
Films 

If  an  oxidized  sample  (in  this  case  one  with  a  20nm  AlAs  layer  clad  by  GaAs) 
is  left  out  in  air  (even  for  a  few  minutes),  and  one  tries  to  oxidize  it  again,  then 
a  second  oxide  front  eventually  moves  past  the  first,  but  in  a  non-uniform 
manner,  and  the  semiconductor  can  break  in  regions  over  the  first  oxide  front 
as  shown  in  Figure  7-8. 


Figure  7-8:  A  microscope  image  of  the  sample  surface  after  attempting 
to  re-oxidize  a  sample  that  was  left  in  air  for  15’.  The  oxide 
front  (lighter  region)  moves,  but  in  a  non-uniform  manner,  and 
pieces  of  semiconductor  break  off  where  the  first  front  was. 
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I  tried  several  different  intervening  steps  between  oxidation  and  re-oxidation, 
but  only  keeping  the  sample  in  LN2  worked  satisfactorily.  We  should  also 
note  that  the  first  oxidation  was  5’  at  450°C  and  the  second  oxidation  was  for 
10’  at  450°C  (both  with  a  water  temperature  of  70°C),  and  the  oxide  front  may 
be  able  to  move  after  more  time  in  the  cases  when  we  observed  the  front  was 
“sealed”. _ 


i  Process  Step  Between  Oxidations 

Result 

Air,  room  temp.  15’ 

partially  sealed 

Air,  200°C 

sealed 

Methanol  (room  temp) 

sealed 

Leave  in  furnace  with  N2,  no  vapor 

sealed 

LN2  15’ 

re-oxidizes  with  smooth  front 

2’  LN2  +  15’  Room  Temp 

re-oxidizes,  but  surface  cracks 

Table  7-1 :  Various  methods  tested  to  promote  reoxidation  and  their 


results. 

“Sponge?”  Theory  of  Wet  Oxidation 

It  would  be  nice  to  have  some  understanding  of  the  process  preventing 
reoxidation  and  it  appears  because  of  the  sample  cracking  that  it  has  something 
to  do  with  stress.  In  fact  even  single  oxidations  can  bow  the  semiconductor 
surface  as  shown  in  Figure  7-9  and  we  know  that  in  crystalline  form  the  Al203 
would  like  to  be  20%  thinner[  1  ]. 

But  thermal  stress  alone  cannot  be  responsible  because  the  sample  left  in  the 
furnace  without  water  vapor  also  is  sealed.  However,  we  can  consider  the 
oxide  behaving  like  a  sponge  —  I  only  mean  by  this  statement  that  the  water  is 
keeping  the  oxide  in  a  particular  form  (This  is  just  my  guess.).  With  vapor  (or 
maybe  just  an  overpressure  of  OH'  to  keep  Al(OH)3  from  turning  into  A1203) 
present,  the  oxide  may  be  larger  than  without.  Once  the  vapor  is  removed,  the 
oxide  compresses  and  makes  it  harder  for  vapor  to  come  in  and  move  the  front. 
In  air  or  especially  in  a  solvent  that  loves  to  soak  up  the  water,  the  water  may 
leave  very  quickly.  But  when  the  sample  goes  immediately  into  LN2,  the 
water  stays  inside  and  the  re-oxidation  can  proceed  like  nothing  happened. 
This  hypothesis  suggests  that  a  water  treatment  before  re-oxidation  might  help. 
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Andrew  Huntington  tried  using  doing  this,  but  with  only  limited  success 
Lastly,  we  should  remind  ourselves  that  the  layer  tested  in  Table  7-1  was  AlAs 
and  layers  with  2%  Ga  may  not  behave  as  badly  when  re-oxidized. 
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F.gure  7-9:  An  SEM  showing  two  oxide  fronts  can  bow  the 
semiconductor  surface  before  closing  off.  (The  fronts  were 

10^m  Wlde  mesa  after  being  in  the  furnace  for 
at  450  C.  The  top  AlGaAs  layer  is  246nm  of  97.5%  A1 

Tot,  of  OaiT  °f  A1AS  “  the  midd,e'  1,16  ^ is  *’»"* 


Potential  Problems  at  Pillar  Perimeters 

ooT„m,P7  AIAS  0Xide  apem,res  has  been  shown  raake  Pillars 

a  UMB  wf'h  "  C°T!  a”nea1,  bU' tha'  Pr0b'em  h3S  no*  °“u™d  in  d*™es 
al  UCSB  which  use  thin  layers  of  AlAs.  While  no  pillars  have  popped  off  de¬ 
lation  of  the  lower  (90%)  A.  content  layers  a,  the  edge  of  the^Uar  does 
occur.  Aldiough  these  layers  oxidize  about  ten  times  shorter  distance  than  the 

aperture,  their  total  thickness  is  pretty  high  (as  high  as  half  the  pillar  height) 
and  they  are  under  more  stress.  ^ 


>rp*r* 
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Figure  7-10:  Oxidized  layers  at  the  edge  of  the  pillar  can  delaminate 
after  a  contact  anneal  as  shown  in  Figure  7-11. 


i 


Figure  7-11:  An  SEM  image  showing  de-lamination  of  the  oxidized 
layers  at  the  edge  of  the  VCSEL  after  the  contact  anneal  at 
410°C  for  30”. 
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Despite  the  de-lamination  at  the  pillar  edge  after  the  contact  anneal,  the 
VCSELs  still  lased  and  had  state  of  the  art  performance.  Perhaps  this  de¬ 
lamination  is  not  a  problem  and  may  just  look  bad  although  it  might  lead  to 
longer  term  reliability  problems.  To  avoid  or  reduce  this  potential  problem,  the 
aluminum  content  could  be  reduced  further  in  the  mirror  layers.  Or  these 
layers  at  the  edge  could  be  etched  away  before  the  contact  anneal.  Or  both 
contacts  could  be  annealed  during  the  oxidation  (using  Ti/Pt/Au  and  Pt/Ge/Au 
contacts).  Or  perhaps  under-etching  rather  than  oxidation  can  be  used  to  form 
the  apertures  in  the  first  place. 

Conclusions: 

We  demonstrated  and  characterized  the  formation  of  tapered  apertures  by  the 
slow  vertical  oxidation  of  a  lower  aluminum  content  layer  placed  adjacent  to  a 
faster  laterally  oxidizing  higher  aluminum  content  layer.  These  apertures  were 
successfully  employed  in  several  VCSELs  resulting  in  lower  optical  scattering 
losses  as  discussed  in  Chapter  6. 

We  also  showed  some  uglier  aspects  of  oxidation  created  by  stress  in  the  layers 
which  tends  to  inhibit  their  re-oxidation  and  can  cause  the  surrounding 
semiconductor  to  bend  or  break  off.  These  may  cause  reliability  problems,  but 
if  delamination  stays  only  at  the  pillar  edge,  it  may  never  cause  problems. 
Perhaps  even  a  rapid  thermal  anneal  is  good  since  the  stress  is  relieved 
afterwards  and  one  can  weed  out  any  failures  earlier.  Industry  will  probably 
find  out  soon  enough. 
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Summary  of  Essentials: 

This  work  has  primarily  focused  on  improving  the  properties  of  smaller 
vertical  cavity  lasers  through  changes  in  aperture  design.  With  proper  scaling 
of  the  broad-area  threshold  current  density  and  slope  efficiency,  smaller 
VCSELs  of  course  will  have  lower  threshold,  but  they  also  will  have  higher 
wall-plug  efficiency  at  lower  powers  and  higher  modulation  current  efficiency. 
And  with  lower  operating  powers  being  optimum  in  smaller  VCSELs,  the 
drive  voltage  and  temperature  rise  can  be  lower  depending  upon  aperture 
design  even  with  increasing  electrical  and  thermal  resistance.  (Table  2-1 
provides  a  summary  of  the  scaling  of  various  characteristics  under  ideal 
conditions  of  constant  current  density  and  slope  efficiency.) 
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Two  major  barriers  to  ideal  scaling  in  apertured  vertical  cavity  lasers  were 
analyzed  extensively  in  this  work:  optical  scattering  losses  and  current 
spreading. 

Analysis  of  the  guiding  by  abrupt  index  apertures  showed  that  at  sizes  below 
4pm  diameter  (for  X~lpm),  scattering  inherent  to  the  aperture  and  cavity  design 
(ignoring  any  roughness)  would  begin  rising  sharply  and  be  comparable  to  the 
absorptive  losses  from  the  doping.  The  loss  for  abrupt  apertures  was 
formulated  simply  in  terms  of  two  parameters  of  the  laser:  the  cavity  Fresnel 
number  and  the  effective  phase  shift  of  the  aperture  (accounting  for  the 
placement  in  the  standing-wave).  The  predicted  losses  (although  somewhat 
lower  than,  but  on  the  same  order  as  those  extracted  from  actual  devices) 
motivated  and  explained  the  improved  scaling  of  the  slope  efficiency  by 
employing  thinner  (or  optically  weaker)  apertures.  In  addition,  further  analysis 
with  an  iterative  model  for  the  mode  and  losses  not  only  confirmed  the 
estimate  of  the  loss  from  the  simple  two  parameter  model,  but  also  showed 
considerably  low  loss  for  apertures  with  tapered  tips  which  make  a  more  lens¬ 
like  optical  confinement.  Such  tapered  apertures  were  produced  by  taking 
advantage  of  the  very  sensitive  dependence  of  oxidation  rate  upon  Al 
composition  and  can  be  constructed  by  placing  lower  (e.g.  90%)  aluminum 
content  layers  next  to  layers  of  higher  content  (e.g.  AlAs)  and  relying  on  both 
lateral  and  vertical  oxidation.  VCSELs  with  sufficient  index  gradients 
demonstrated  low  excess  losses  slightly  below  those  found  in  devices  with  20- 
30nm  thick  apertures,  and  trends  in  improvement  agreed  with  theoretical 
predictions  as  with  abrupt  apertures.  The  low  scattering  losses  provided  by 
tapered  apertures  have  enabled  record  high  slope  and  wall-plug  efficiencies 
for  VCSELs  with  aperture  diameters  below  2 pm. 

This  work  also  addressed  current  spreading  between  the  aperture  and  active 
region  with  both  theory  and  experiment.  A  simple  estimate  for  the  lateral 
spreading  current  was  formulated  in  terms  of  two  parameters  that  could  be 
easily  applied  to  existing  structures  and  helpful  to  understand  the  threshold 
scaling.  The  estimate  of  spreading  current  in  thin  aperture  devices,  led  us  to 
try  positioning  the  aperture  much  closer  to  the  active  region  (~50nm)  away. 
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The  improvement  in  current  confinement  was  confirmed  by  fabricating  and 
testing  other  devices  with  apertures  further  from  the  active  region. 

While  we  still  have  not  reached  ideal  scaling  of  the  current  density,  we  have 
nearly  reached  ideal  scaling  of  the  device  slope  efficiency  through  the  use  of 
thin  and  tapered  apertures.  The  improvements  to  scaling  of  both  parameters 
has  led  to  improved  wall-plug  efficiency  at  lower  output  powers  and  at  sizes 
small  enough  to  be  single  mode.  As  we  described  in  Chapter  6,  the  efficiency 
measured  at  powers  <150pW  (for  the  devices  2-3pm  in  diameter)  is  only 
matched  by  one  other  published  result  in  a  larger,  7pm,  device[l]. 

Figure  8-1  shows  wall-plug  vs.  size  based  upon  fits  to  present  device  data  for 
the  1st  Null  devices  described  in  Chapter  6.  In  producing  these  curves,  the 
slope  efficiency  was  held  constant  (which  has  a  minor  error  only  at  radii 
<1  pm).  The  operating  voltage  fit  to  a  current  independent  voltage,  Vj),  which 
varied  as  Vjy= 1.49+0.745<f‘ 56  (volts),  where  d  is  the  aperture  diameter  in  pm, 
and  a  series  resistance,  /?$,  varying  as  Rs=2.5\kQ(l/d)°- 7.  The  size- 
dependence  of  the  threshold  fit  well  to  IfH~  O.lmA/2  +  (0.1mA  JgA n)  (d/2) 
+JBA<d/ 2)2,  where  JBA=  600A/cm2. 
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Figure  8-1:  Wall-plug  efficiency  vs.  device  radius  based  upon  fits  to 

device  parameters  vs  size  for  the  best  performing  devices  in 
this  work 

Future  Potential  Performance: 

Even  with  improvements  in  current  confinement,  leakage  still  remains 
significant  at  the  smaller  sizes  (as  we  discussed  in  Chapter  6).  And  due  to  the 
Be  redistribution,  the  scaling  of  the  voltage  is  likely  worse  that  could  be 
achieved  with  the  same  optical  losses.  Based  on  the  estimates  the 
improvements  in  the  loss-resistance  product  discussed  in  Chapter  3  and  based 
upon  the  loss-resistance  products  obtained  in  top  performing  carbon  doped 
evices[l],  use  of  a  controlled  doping  profile  (which  is  most  important  in  the 
first  few  mirror  periods  where  the  doping  is  low)  would  probably  give  about  a 

"0%  lower  resistance  for  Ae  same  optical  losses.  The  expected  improvements 
from  removing  leakage  and  from  lowering  the  resistance  are  shown  in  Figure 
8-2  for  the  cases  of  0.5  and  0. 1 5mW  output  power. 


Wall  Plug  Efficiency  Wall  Plug  Efficiency 
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radius  (jam) 


radius  (jim) 


Figure  8-2:  Scaling  of  the  wall-plug  efficiency  at  constant  output  power 
based  on  fitting  the  1*  Null  devices  and  the  predicted 
improvement  with  current  confinement  and  lower  resistance. 
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We  see  that  the  most  important  improvement  for  higher  wall-plug  efficiency  at 
lower  output  power  is  better  current/carrier  confinement  and  that  by 
eliminating  the  excess  current  the  peak  efficiency  will  be  higher  even  at  lower 
output  powers  and  smaller  sizes  -  a  trend  we  described  in  Chapter  2. 

Future  Opportunities: 


Better  Confinement 

The  improvements  to  scaling  from  better  aperture  design  are  desired  for  the 
smallest  single-mode  devices  needed  in  the  lowest  power  applications  such  as 
free-space  optical  interconnects  chip-to-chip  or  board-to-board.  And  further 
improvement  may  be  possible  with  techniques  such  as  regrowth  for  carrier 
confinement  or  better  dopant  control  just  below  the  aperture. 

Lower  Capacitance 

As  we  discussed,  the  parasitic  capacitance  can  be  reduced  by  using  a  thicker 
aperture  away  from  the  optical  mode.  Though  the  aperture  in  the  1st  Null 
devices  did  have  some  longer  tapering  that  extended  over  ~10pm  from  the 
optical  mode  all  the  way  to  the  mesa  boundary,  the  measured  thickness  change 
is  not  significant  to  change  the  capacitance  across  the  oxide.  As  we  described 
in  Chapter  7,  a  slightly  higher  aluminum  composition  above  the  nominal 
aperture  is  desired  to  achieve  this  effect. 

Small,  Multimoded  VCSELs 

Much  of  this  work  focused  on  tapered  apertures  for  lower  losses  for  the 
fundamental  mode  in  the  smallest  devices.  But  another  possible  opportunity 
for  tapered  apertures  is  to  provide  low  scattering  losses  for  many  modes  as 
desired  when  making  smaller  VCSELs  for  links  using  multimode  fiber. 
Although  thin  apertures  can  provide  low  loss,  they  cannot  guide  as  many 
modes  as  may  be  desired  when  the  aperture  becomes  <~7jam  diameter. 
Tapering  is  also  useful  at  bunching  lateral  modes  together  spectrally  which  is 
desirable  to  squeeze  more  channels  into  a  multimode  WDM  system.  But  such 
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potential  benefits  of  tapered  apertures  have  yet  to  be  investigated 
experimentally. 
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Graphite  source  carbon  doping 


Introduction 

Carbon  doping  is  very  much  desired  for  use  in  AlGaAs  based  vertical  cavity 
lasers  because  unlike  Be  or  Zn,  C  is  a  p-dopant  that  tends  to  stay  in  place 
during  growth  of  any  subsequent  high  temperature  annealing.  And  the  highest 
wall-plug  efficiencies  in  VCSELs  have  been  achieved  in  structures  that  use 
carbon  doping.  (In  one  case  CBr4  is  used  in  an  MBE  system  for  the  results  of 
Ref.  [1]  and  in  another  CC14  is  used  in  an  MOCVD  system  for  results  of  Ref. 
[2].)  As  we  discussed  in  Chapter  6,  we  even  expect  the  scaling  of  the 
resistance  to  improve  with  carbon  doping  due  to  better  control  of  doping  in  the 
more  lightly  doped  first  few  mirror  periods. 

At  UCSB,  we  have  employed  a  heated  graphite  filament  in  an  MBE  system  as 
the  source  for  carbon.  Matt  Peters  (in  Appendix  D  of  his  thesis[3])  describes 
some  background  about  the  source  along  with  initial  doping  calibrations. 
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contact  resistance  measurements,  and  in-plane  laser  characterization.  Even  for 
the  same  structure,  the  in-plane  lasers  tend  to  have  lower  threshold  and  higher 
injection  efficiency  (but  also  higher  loss)  than  the  best  from  system  A  (which 
uses  Be)  probably  because  the  Be  may  move  into  the  active  region  and  raise 
the  transparency  current  density  and  because  the  Be  may  not  incorporate  as 
well  into  the  AlGaAs  cladding  resulting  in  lower  loss,  but  also  a  higher  field 
and  lower  barrier  for  electrons  escaping  the  separate  confinement 
heterostructure  (SCH)  and  the  quantum  well  region  -  this  will  lower  the 
injection  efficiency. 

However,  Peters  attempts  to  make  980nm  VCSELs  or  grow  mirrors  for  wafer 
fused  1.55pm  VCSELs  were  unsuccessful  because  of  roughening  of  the  layers. 
Under  similar  growth  conditions  of  a  600°C  substrate  temperature  and  high  As 
overpressure  and  100  orientated  GaAs  substrates,  other  authors[4-7]  using 
graphite  filaments  for  carbon  doping  have  only  observed  roughening  of 
GaAs/ AlGaAs  structures  at  high  doping  levels  (>lel9cm‘3)  and  not  the 
moderate  levels  (~lel8cm'3)  used  for  the  mirror  growths,  but  the  structures 
grown  in  other  works  were  not  several  microns  thick  as  are  VCSEL  mirrors. 

Optimized  Growth  Conditions  for  C  doping 

I  tried  several  different  growth  conditions  to  avoid  roughness  in  the  carbon 
doped  DBR  mirrors  (using  a  lower  growth  rate,  lowering  the  A1  content  by 
10%,  using  a  substrate  cut  off-axis),  but  the  most  dramatic  effects  occurred 
when  varying  the  substrate  temperature.  SEM  images  of  the  growths  are 
shown  in  Figure  A-l.  These  mirrors  (designed  for  1.55pm  wafer  fused 
VCSELs)  are  about  8pm  high  and  the  most  challenging  to  grow  smoothly.  All 
the  AlGaAs  was  grown  by  a  2nm  period  digital  alloy  and  only  step  changes  in 
doping  were  used  (no  delta  doping),  and  the  highest  doping  level  was  in  the 
mid-10‘*cm'3.  We  can  see  the  smoothest  layers  are  produced  at  675°C.  (But  as 
we  will  shortly  discuss  a  somewhat  lower  temperature  of  660°C  is  probably 
preferable.)  At  this  high  temperature  the  As  flux  was  increased  from  its  typical 
0.9  10‘5  Torr  beam  equivalent  pressure  (BEP)  to  1.3  10'5  torr  to  ensure 
sufficient  As  incorporation^].  (It  is  doubtful  the  increased  As  flux  is 
responsible  for  smoothing  the  layers  because  I  also  grew  an  undoped  mirror  at 
600°C  using  the  usual  (lower)  As  flux  and  observed  no  roughening.) 
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Figure  A-l:  Growths  of  Al09Gao  ,As/GaAs  mirrors  centered  around 
1 .55pm  with  an  average  carbon  doping  around  1018cm'3  at 
substrate  temperatures  of  (a)  520°C,  (b)  600°C,  and  (c)  675°C. 
Roughening  is  removed  in  the  highest  temperature  growth  (but 
this  growth  may  be  too  hot  as  revealed  by  AFM) 

Surface  analysis 

Although  the  hof  growth  at  675°C  yielded  a  surface  smooth  to  the  eye  and  to 
the  SEM  in  cross-section,  it  still  had  odd  defects  on  the  surface  as  seen  in  an 
optical  microscope  under  Nomarski  or  by  atomic  force  microscopy(AFM). 
Such  an  image  is  shown  in  Figure  A-2.  One  can  see  some  pits  and  one  large 
bump  in  the  image.  These  bumps  were  all  over  the  sample.  In  the  regions 
without  the  pits  and  bumps,  the  surface  is  very  smooth  with  an  RMS  roughness 
of0.169nm.  A  linescan  over  the  bump  is  shown  in  Figure  A-3.  Interestingly 
there  is  also  a  pit  in  the  middle  of  this  bump.  We  do  not  know  the  cause  of  the 
bumps  but  the  high  growth  temperature  is  suspected  because  the  bumps  did  not 
show  up  in  a  growth  at  660°C  and  because  the  substrate  temperature  of  675°C 
set  just  before  growth  likely  means  a  695°C  temperature  during  growth  due  to 
the  radiation  from  the  carbon  filament  (as  we  will  discuss).  Perhaps  the  bumps 
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are  just  a  one-time  artifact  of  the  original  sample  surface.  However,  such 
bumps  have  not  been  observed  in  the  microscope  images  routinely  done  of 


Figure  A-2:  lOxlOpm  AFM  image  of  the  surface  of  the  carbon  doped 
675°C  sample.  The  white  line  indicates  the  location  of  a 
linescsan  below.  (Measurement  courtesy  Jin  Kim) 


Figure  A-3:  Linescan  of  the  bump  shown  in  Figure  A-2. 
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Figure  A-4:  2x2pm  AFM  image  of  the  surface  of  another  1.55pm 
mirror  growth  at  660°C.  No  bumps  were  observed,  as  in  the 
675°C  growth,  and  no  larger  scale  roughness  occurred  as  in  the 
600°C  growth,  but  pits  remain  over  the  sample.  (Measurement 
courtesy  Alexis  Black.) 
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Despite  the  bumps  in  the  675°C  mirror,  this  mirror  was  smooth  enough  that 
Near  Margalit  could  incorporate  it  in  a  wafer  fused  VCSEL  which  lased  CW 
up  to  45°C[9].  And  these  bumps  did  not  appear  in  another  1.55pm  mirror 
grown  at  a  lower  temperature  of  660°C.  We  show  this  surface  in  Figure  A-4. 
This  mirror  has  an  RMS  roughness  of  0.27nm  in  a  pitless  area  and  of  0.4  lnm 
over  the  whole  image.  We  should  point  out  that  this  mirror  is  much  smoother 
than  other  1.5 5pm,  7pm  high  Be-doped  AlGaAs/GaAs  mirrors  (grown  at 
500°C)  which  have  an  RMS  roughness  of  2.5nm[10]!  On  the  other  hand,  the 
660°C  carbon  doped  mirror  is  still  not  as  smooth  as  the  top  of  980nm  VCSELs 
which  have  4pm  high  Be  doped  mirror  grown  at  500°C  on  top  of  5pm  of  n- 
doped  GaAs/AlGaAs  grown  at  600°C.  Figure  A-6  shows  an  AFM  of  the  top  of 
such  a  VCSEL.  It  shows  no  pits  and  has  an  RMS  roughness  of  0.25nm. 
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Figure  A-6:  AFM  the  Be  doped  1st  Null  980nm  VCSEL 
shown  for  comparison.  (AFM  courtesy  A.  Black.) 

Reasons  for  Roughness 

Roughening  at  high  doping  levels  (>lel9cm'3)  is  suspected  to  come  from  strain 
in  the  layers  due  to  the  larger  size  of  C  compared  to  As[7].  In  that  case,  colder 
growth  should  help  to  keep  the  layers  strained  (and  hence  smoother). 
Roughening  can  also  be  caused  by  poor  conditions  for  growing  AlGaAs  which 
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occur  in  a  temperature  range  from  630-680°C  when  As4  is  used[8].  But  at 
UCSB,  we  have  used  a  cracker  to  produce  Asj  and  have  not  observed  roughing 
of  typical  AlGaAs  digital  alloys  at  these  growth  temperatures.  However,  if  the 
AlAs  thickness  within  a  period  of  the  digital  alloy  exceeds  about  5nm  at  a 
growth  temperature  of  680°C  or  if  an  analog  alloy  is  grown,  then  facetting  can 
be  observed  as  described  by  Mirin[ll].  (See  also  Chapter  5  in  J.  Ko’s 
thesis[12.])  This  facetting  is  due  to  too  much  surface  mobility  of  the  A1  and 
occurs  only  along  one  crystal  orientation.  This  roughness  is  avoided  by  using 
thinner  A1  layers  and/or  using  lower  substrate  temperatures  which  reduce  the 
A1  mobility.  Lastly,  roughness  can  be  due  to  impurities  which  limit  the  surface 
mobility.  This  is  most  likely  the  cause  of  the  roughness  in  the  mirrors  because 
the  higher  substrate  temperature  increases  the  Ga  and  A1  mobility.  However,  it 
is  not  clear  that  atomic  carbon  is  alone  responsible  for  the  reduced  mobility 
because  DBR  mirrors  grown  by  MBE  at  600°C  with  CBr4  do  not  have  this 
problem!  13].  Both  C2  and  C3  will  come  off  a  graphite  filament  in  vacuum 
though  the  rate  is  expected  to  be  lOx  less  than  atomic  C[5].  Perhaps  the  carbon 
coming  from  the  filament  is  in  a  higher,  more  reactive,  energy  state  (not 
necessarily  ionized)  than  the  carbon  that  is  created  when  a  molecule  like  CBr4 
is  cracked  on  the  substrate  surface.  Or  perhaps  the  Br  acts  as  some  surfactant 
(as  does  Sb  even  when  the  substrate  is  too  hot  for  it  to  stick).  But  these  are  just 
guesses. 

980nm  C-doped  VCSEL  Results: 

While  lower  voltage  is  the  main  reason  touted  for  using  carbon  rather  than 
beryllium  doping,  a  better  stated  goal  is  lower  voltage  with  the  same  or  lower 
optical  losses.  Essentially,  we  are  interested  in  a  lower  loss-resistance  product 
at  a  given  aperture  radius.  Although  the  threshold  of  devices  may  vary 
depending  upon  the  offset  between  the  gain  peak  and  the  mode,  material 
quality  and  current  confinement,  we  can  examine  the  loss  and  resistance 
independently  to  see  if  the  doping  is  optimized  provided  we  are  comparing 
devices  large  enough  that  the  optical  scattering  losses  from  the  aperture  are  not 
affecting  performance. 

We  have  made  several  generations  of  carbon  doped  VCSELs  all  with  the  same 
mirror  transmission  (0.7%).  The  L-I-V  curves  for  7jim  diameter  devices  are 
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shown  in  Figure  A-7  and  Table  A-l  shows  a  summary  of  the  loss  and 
resistances. 


Figure  A*7:  L-I-V  Curves  of  several  generations  (C1-C3)  of  C  doped 
7pm  diameter  VCSELs  and  the  7pm  Be  doped  (Bel)  1st  Null 
device  shown  for  comparison  (This  device  has  the  highest 
wall-plug  efficiency). 
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Table  A-l:  Summary  of  carbon  doped  980nm  VCSEL  characteristics 
The  first  generation  (which  we  will  call  Cl)  were  the  “1a  a 

disused  previously  in  Chapterti  and  compamd  to  the  Bel  ‘T  Nut”  deTeT 
Due  to  an  uncalibrated  drift  in  the  filament  response  C 1  vrspr  T 
carhon  doped  (2.18  on  average,  and  used  aSTd^^^S 
penc^s.  The  loss-resistance  is  the  lowest  among  the  carbon  doped  devices  but 

f°r  ,he  m,,TOr  »  *e  efficiency  d  d  0 

benefit.  The  second  general, on  (C2)  devices  had  low  loss  but  a  verv  hioh  „ 

on  voltage  (which  was  not  due  to  high  contact  resistance)  We  expect  theH’ 

m™-on  ,s  because  the  linear  grade  between  the  aperture  SZZ  T  fs 

that  surrounds  the  active  region  was  not  doped.  In  the  Be  doped  “P  Null” 

d  vtces  dus  region  was  also  undoped,  bu,  as  discussed  in  Chapter  6  Be 

diffused  into  the  achve  region.  In  the  C2  devices  it  is  unlikely  die  ctbon 

moved  into  the  grading  region.  In  a  study  of  p-i-„  diode  charLeristicsD] 

then  ftfl!!  ,  Whe"  ‘he  d°Pi"8  endS  in  3  ^  A1  region' 

hen  the  nun-on  voltage  can  be  very  high.  In  generation  <C3),  the  grading’ 

een  die  aperture  and  the  active  region  was  doped  and  the  resistance  was 

aised  the  dueshoid  considerably  (Aside  from  causing  some  rolling  over  of  the 

L-l  cuive,  dus  should  no.  effect  the  loss-resistance  amdysis.)  UrfZnaWv 
none  of  the  carbon  doDed  VCSFT  «  u  a  *  umortunately, 

devices  Nevorth.i  ^  CSELs  etched  or  surpassed  the  best  Be  doped 
•  rtheless,  the  matenal  is  good  enough  that  reasonable 

pe  ormance  can  be  achieved  when  one  demands  a  dopant  that  will  not  diffuse 
dimng  a  .ugh  -temperature  (>800T)  anneal  which  might  bi  ased^ 
disordenng  or  for  improving  material  quality. 

Comment  on  Ga  desorption  and  center  wavelength: 

the“  ""r'l7n?  “  d“0,pti0n:  50  growth  rate  is  no, 
me  same  as  we  expect.  I  tned  to  test  this  by  growing  DBR  ralihr**;™  . 

consecutively  a,  600*0,  660  and  600*C,  b”ial  in  t“7 

°fl7  ■"*-  than  any  change  due  to  desorptmntusmg 

1  3e-5  TorrTpp'h  ‘I  H  !,  T  wavelenSth-  P™bably  a  high  As  flux  of 
V«  ,  !  7  red“Ce  deso,Pti0"-  To  be  on  the  “safe”  side  during 

CSEL  growtit,  the  first  few  periods  of  the  top  mirror  above  the  active  region 
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are  grown  at  630°C  and  the  rest  are  grown  at  660°C.  In  case  there  is  desorption 
at  660°C,  it  should  not  change  the  wavelength  considerably. 

Other  unique  aspects  of  a  filament  source 

Substrate  Heating 

The  substrate  temperature  we  have  been  quoting  is  the  temperature  measured 
by  the  pyrometer  when  the  carbon  source  is  closed.  However  it  is  worth  noting 
that  the  carbon  filament  will  radiatively  heat  the  substrate. 


Figure  A-8:  Substrate  Temperature  vs.  time  after  exposure  to  hot  Ga 
and  C  sources.  The  C  and  Ga  sources  heat  the  substrate  about 
20°C 

Figure  A-8  shows  a  plot  of  the  substrate  temperature  vs.  time  as  the  Ga  and  Ga 
and  C  are  opened  and  closed.  As  the  substrate  rotates  some  light  from  the 
carbon  filament  can  get  reflected  into  the  pyrometer  and  give  a  higher 
maximum  reading,  but  you  will  notice  that  once  the  carbon  shutter  is  closed  the 
maximum  and  minimum  converge,  and  it  takes  sometime  for  the  temperature 
to  decrease  indicating  the  true  substrate  temperature  was  about  20°C  higher 
when  the  C  shutter  was  open. 
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Filament  Temporal  Response 

One  of  the  undesirable  features  of  the  carbon  filament  is  that  i,  takes  sometime 

HT!  “-"^ture.  This  adds  a  couple  of  hours  exfta  delay  to  p-mirrm 
growths  (a  minute  or  so  per  m.rror  layer  is  the  minimum  delay).  Aside  from 
the  disadvantage  for  the  grower  (who  may  have  to  shut  things  off  at  3am 

donine  rT’ the  eXtra  delay  meanS  “  iS  1,01  p0SSible  t0  Precise!y  toilor  the 
doptng  profile  as  we  would  like  even  though  the  carbon  may  stay  put  Z 

even  wtth  the  one  minute  delay  per  mirror  interface,  it  is  still  likely  that  the 

dop^  WiA  I*  '  T8  dUring  "*  “  ™  ^  LC 

oped  Wtth  a  valved  gas  source,  changes  in  doping  level  would  be  virtually 
instantaneous  and  offer  much  more  flexibility  to  the  grower.  ' 
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Figure  A-9:  Response  of  the  carbon  filament  after  the  cturent  source  is 
changed  from  73  to  77  amps.  (The  voltage  on  the  power 
supply  necessary  to  keep  a  constant  current  decreases  because 
the  resistance  of  the  filament  goes  down  as  it  heats  up.) 
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Conclusions: 

Use  of  a  graphite  filament  for  carbon  doping  in  MBE  has  presented  some 
difficulties  in  producing  smooth  layers.  However,  we  found  that  by  using  a 
substrate  temperature  between  '630-670°C,  the  layers  become  smooth  -  though 
they  still  have  some  pits  over  the  surface.  (Perhaps,  as  John  English  suspects, 
these  pits  are  simply  from  thermal  desorption  of  Ga  and  can  be  reduced  with 
slightly  lower  temperature  ~640°C  and  higher  As  flux.)  Despite  these  pits,  the 
mirror  material  for  1.55|im  VCSELs  is  good  enough  that  the  fused  VCSEL 
researchers  achieved  record  high  temperature  (70  C)  CW  operation  using 
it[14].  However,  we  were  unable  to  improve  the  performance  of  980nm 
VCSELs  over  the  best  achieved  with  Be  doping.  Perhaps  this  is  due  to  some 
residual  optical  loss  from  the  pits.  Hopefully,  gas  source  carbon  doping  will  be 
available  soon  in  the  UCSB  MBE  lab  and  these  problems  will  be  solved. 
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Periodic  and  Uniform  waveguiding: 

In  chapter  4,  we  described  the  propagation  of  a  scalar  wavefunction  through  an 
empty  cavity  with  an  aperture.  When  the  cavity  is  unfolded,  this  periodic 
waveguiding  (in  the  Fresnel  approximation)  is  just  like  the  BPM  method 
commonly  used  to  model  waveguides.  Of  course,  BPM  (or  periodic 
waveguiding)  is  only  an  approximation  of  a  uniform  waveguide  and  the 
difference  between  the  wavefunctions  depends  upon  where  one  picks  the 
wavefunction  in  the  periodic  guide  (i.e.  just  after  the  aperture  or  symmetrically 
between  them.)  Here  we  crank  out  that  difference  in  terms  of  the  cavity  length. 

Periodic  waveguide  equation 

Recalling  from  Chapter  4,  Eq.  (4-18),  passing  a  scalar  mode,  through  a  cell 
of  the  periodic  waveguide  can  be  represented  as  the  operator,  P  . 

P¥  =  Dexp{y^(x,>0}D4'  (B-l) 

As  we  described  in  Chapter  4,  </i(x,y)=lcQAn<i(xy/)Lc  where  A nd  is  the  effective 
index  profile  of  the  equivalent  uniform  waveguide  and  D  is  the  free-space 
propagator  for  the  wavefunction  diffracting  through  half  a  cavity  length.  (This 
time  we  will  use  physical  rather  than  normalized  coordinates.)  Again  from 
Chapter  4,  the  D  operator  is  defined  (in  the  Fresnel  limit)  by: 

D  =  F"1  exp{-  jk)  Lc  /  (4  k0n0  ))f  (B-2) 

where  the  operator  F  is  the  Fourier  transform  defined  by 
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F  =  \\dkxdky  exp \jkxx  +  jkyy\  (B-3) 

If 'Fis  a  mode  of  the  periodic  waveguide,  then  it  is  an  eigenfunction  of 
P  whereby, 

P4'  =  expO*0AwmZc)4'.  (B-4) 

Anm  is  a  constant  (spatially-independent)  effective  index  step  for  the  mode. 
Unlike  the  definition  in  Chapter  4,  here  we  define  An*  relative  to  the  effective 
cladding  index,  wd.mjn,  rather  than  the  effective  core  index.  An  —  n  —  n  j 

-  .  #  9  m  m  *a-min  » 

an  nm  is  the  effective  index  for  the  mode.  To  make  a  comparison  with  the 
wave  equation  for  a  uniform  waveguide,  we  need  to  start  expanding  this 
expression  in  terms  of  Lc.  However,  to  keep  the  math  compact,  we  will  try  to 
minimize  the  amount  of  expanding  we  do.  For  the  D  operator,  we  have: 

D  =  iH  exp!-  ;*;£<■  /(4*„«.))f  =  r-'f  j[-  jklLc/(4k,%)X /mil#  (B-5) 

\m~Q  J 

And  we  note  that  when  a  function  is  multiplied  in  k-space  by  ~]k%  that  this 
operation  is  equivalent  to  taking  the  derivative  in  real-space.  Consequently, 
multiplying  by  V=*x2+V  in  the  Fourier  domain,  is  the  same  as  applying 
+  v;  to  the  flmction  in  real  space.  Thus,  we  can  rewrite  D  as 


(B-6) 


D  -  jklLc/(Ak0n0)\  jp  =  ^[/Xc/(4M»)V2f 

=  exp(/2r/(4*0'»oM) 


For  those  not  comfortable  with  operators  in  the  argument  of  an  exponential, 
one  can  always  undo  the  last  step.  Now  let  us  rewrite  the  periodic  waveguide 
eigenvalue  equation: 

PT  =  Dexp{y<!)(x,y)}D'P 

=  exp(/Zc  / (4*0 rt0  )V \  )exp(jk0And  (x,  y)Lc  )exp(/Zc  / (4kQn0  )V^  |p  (B-7) 
=  exp (jk0AnmLcf¥ 

To  write  this  more  compactly,  we  define  A  =  — l- — and  B  =  k0And(x,y) , 

4k0n0 


P1?  -  exp(/Xc A )exp(/Xc B ]exp(/Z,c A =  cxp(jk0&nmLcy¥  (B-8) 
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It  looks  tempting  to  simply  add  the  arguments  of  the  exponentials,  but  this 
would  be  a  serious  mistake  because  the  derivative  operator  and  multiplication 
by  And(x,y)  are  not  operations  that  commute;  i.e.  you  cannot  multiply  a 
wavefunction  by  And(x,y)  and  take  the  derivative  and  expect  the  same  answer  if 
you  did  them  in  opposite  order.  This  condition  also  prevents  us  from  dropping 
all  the  jLz  factors  in  the  exponentials. 

Uniform  waveguide  equation 

Now  we  will  move  to  the  wave  equation  which  does  not  initially  look  much 
like  (B-7).  In  a  familiar  form,  the  wave  equation  is 

[vl  +  ^r,d2(x,y)]v  =  klnl'V  (B-9) 

where,  as  mentioned,  nm  is  the  effective  index  for  the  mode.  We  now  make  the 
approximation  of  small  differences  in  the  distributed  index  steps  (which 
typically  are  pretty  small  <2%  n0). 

nd(x,y)  =  [«4_min  +  ^(^’T)]2  *  n]-min  +  T) 

n2m(x,y)  =  [«d-min  +  ArtmU’T)]2  55  nd- min  +  2rtrf_minAnm(x,>0 

Without  adding  any  first  order  errors  in  index  step,  we  can  also  approximate 
the  second  term  as  2nd_mmAnd  *  2n0And .  Combining  these  approximations, 

the  wave  equation  now  looks  like: 

— —  V2±+k0&nd(x,y)  'V  =  k0bnm'V  (B-ll) 

_2*0"o 

We  define  W  a  — - — V2  +  k0And  (x,y) .  Because  WV  =  *0AnmvT ,  we  can 
2k0n0 

operate  on  both  sides  with  Wand  obtain  W2vT  =  (fc0Aflm)2vf'  •  We  could 

keep  doing  this  for  any  power  of  W  and  then  add  these  equations  together  as 
the  Taylor  series  for  an  exponential  then  we  get  a  new  form  which  we  define  as 

A 

the  U  operator: 

IW  =  exp(/Xc  w)f  =  expO*0A«mLc  )*  (B’12> 

Lc  has  been  introduced  here  as  a  constant  which  could  be  dropped  from  both 
sides,  but  is  needed  to  compare  the  order  of  the  expansion.  Using  the  previous 

definitions  for  A  and  B ,  this  becomes: 
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=  exp(/Zc  [2  A  +  b]^  =  exp(jk0AnmLc)'l' 


*exp(j*0Anm£c)'t'  (B_13) 

Now  this  form  of  the  wave  equation,  Eq.  (B-13)  looks  very  similar  to  the 
eigenvalue  equation  for  the  periodie  waveguide,  Eq.  (B-8).  fact  the  rigto 

the  left ‘side  “  T  ^  T  hre  '°  ^  ab0U'  But  the  «P°nentials  on 
the  left  side  are  combined  which  we  know  is  not  quite  the  same. 

wlveZiding  Peh°diC  and  Unif°™ 

To  detetmine  the  difference  between  the  U  operator  (which  has  the  same 
eigenfunctions  as  the  uniform  waveguide  operator,  W)  and  the  and  the  P 
operator  (which  has  eigenfunctions  of  the  periodic  waveguide)  is  simply  an 
exercise  ,n  Taylor  series  expansion.  If  the  P  and  the  U  operators  are 

expanded  to  second  order  in  LC,  they  will  match.  Then  one  can  say  that  the 
eigenfunctions  of  the  uniform  waveguide  will  match  the  periodic  waveguide 
However,  ,f  the  operators_  are  expanded  to  third  order  in  ic,  we  find 
lfferences.  Expanding  the  P  operator  gives: 

™  =  exp(/XcA)exp(,'f.cB)exp(/'£c  a)p 


^  1  +  A  - 


4a2  /4a3 


l  +  yZcB-^Bl-/4B; 


(B-14) 


1  +  jLck- 


4a2  /4a3 

2  6 


And  expanding  the  U  operator  gives: 
UT=exp(/Zc[2A  +  B])f’ 


*  1  +  jLc  [2  A  +  bJ- 

\ 


4  2A  +  B 


/4t2A  +  B 
6 


(B-15) 


If  we  multiply  out  all  these  terms  and  collect  them,  we  will  find  that 
P  =  U  +  AU  and  that 

AV  =  -yX^ABA-  BA2  -  A2B  -  2BAB  +  B2A  +  AB2] 


(B-16) 
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[A  A  |  A  A  A  A 

A.BJ=  AB-BA, 

AU  =  -  jl?c  /6  [A  +  B,  [b,  A  J  (B- 1 7) 

Because  the  operators  are  not  very  physically  intuitive,  lets  get  back  to  some 
physical  variables.  The  difference  term  depends  cavity  length,  wavelength,  the 
total  index  step,  and  but  such  factors  multiply  [b,A]  and  if  this  term  is  zero 

A 

then  so  is  the  difference  term,  AU . 

B,  A]  =  -j—  (a nd  (x,  y )' V  \  -  V  ]_ &nd  (x,  y ))  (B- 1 8) 

4«0 

We  see  that  if  we  could  just  move  the  index  step  through  the  Laplacian,  then 
we  would  be  ok,  and  this  can  happen  when  the  index  profile  is  parabolic  so  that 

A  A  1 

its  second  derivative  is  a  constant.  In  that  case  B,  A  ]=0. 

Note  on  location  of  wavef unction  in  the  periodic  waveguide 

The  cell  of  the  periodic  waveguide  we  used  started  between  the  apertures  and 
gave  the  operator  this  form: 

Pty  =  exp(/XcA)exp(/IcB)exp(/Z,c  a}p  (B-19) 

But  if  we  had  begun  the  cell  of  the  periodic  waveguide  just  before  the  aperture, 
then  the  operator  would  have  the  following  form: 

Pty  =  exp(yic  2  k)e\p{jLcB}¥  (B-20) 

If  one  then  expands  this  operator  to  second  order  in  Lc  and  compares  it  with  a 
second  order  expansion  of  U,  then  there  is  difference,  AU  between  the 
expressions  and  that  difference 

AU  =  lJ[b,a]  (B-21) 

depends  upon  [b,a]  as  before.  Thus,  to  obtain  the  best  match  between  the 
uniform  waveguide  and  the  periodic  waveguide,  one  should  compare  the 
wavefianctions  centered  between  the  apertures  or  in  the  center  of  the  apertures. 

Modified  Expressions  for  Mirror  Length 

In  Chapter  4,  we  gave  expressions  for  the  diffraction  equivalent  distance  and 
phase  penetration  depths  for  DBRs  which  contained  only  quarter-wave  layers 
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and  had  abrupt  interfaces.  DBRs  in  VCLs,  however,  often  have  graded 
interfaces  or  extra  half-wavelength  spacers  (usually  for  the  purpose  of  forming 
intra-cavity  contacts).  To  determine  the  diffraction  equivalent  distance  for  an 
arbitrary  DBR,  one  would  determine  the  phase,  0,  of  the  mirror  reflection  vs. 
incident  angle,  a,  using  a  transmission  matrix  approach)!],  and  then  fit  the 
response  for  small  angles  to  the  response  of  a  hard  mirror, 
Q( a)  =  0(f);  +  k^a2LDj  (A^).  But  we  would  like  to  avoid  this  extra 
numerical  calculation,  if  possible. 

Adding  Extra  A/2  spacers 

If  extra  XJ2  spacer  layers  are  added  in  the  DBR,  we  find  the  change  in  the 
phase  penetration  depth,  LT ,  by  further  manipulating  the  result  in  [2], 


where  uj  is  an  integer  equal  to  the  number  of  extra  half-wavelengths  in  the  /h 
layer.  We  number  the  layers  of  the  DBR  starting  with  the  layer  just  after  the 
incident  interface  (This  is  opposite  of  the  convention  used  in  [2]).  m  is  the 
number  of  mirror  layers,  and  q  =  nLI  /nH[,  p  =  nL/  nH,  and  a  =  nlE  /  nHE  are 
the  ratios  (chosen  less  than  1)  between  the  refractive  indexes  of  materials  at  the 
incident,  intermediate  and  exit  interfaces,  respectively.  LTi  qw  is  the 
penetration  depth  for  the  mirror  without  any  spacer  layers.  {LT,Q\yt  was 
previously  specified  in  Section  II  for  the  case  of  an  infinite  stack.)  For  a  large 
number  of  layers  (as  in  typical  VCLs),  pm  « 1  and  the  phase  penetration 
depth  may  be  approximated  as  in  Eq.  (B-22). 

The  diffraction  equivalent  distance  depends  on  Lx  (which  is  proportional  to  the 
change  in  phase  with  frequency)  and  £,  (which  is  used  to  relate  the  shift  in  the 
center  frequency  to  changes  in  the  angle  of  incidence).  We  can  assume  that  the 
change  in  the  center  wavelength  of  the  DBR  is  still  dominated  by  the  quarter- 
wave  layers,  then  the  diffraction  equivalent  distance  with  an  extra  half-wave 
spacer  is  again  given  by  lD  =  £Lr,  where  the  Lx  from  (Al)  is  used. 
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Graded  Interfaces 

From  the  derivation  in  [3],  one  finds  the  phase  penetration  depth  depends  only 
on  the  reflectivity  of  the  DBR  interfaces  and  the  phase  delay  between  them. 
When  graded  interfaces  are  used  instead  of  abrupt  interfaces,  the  reflectivity 
will  be  reduced  and  the  mirror  lengthened.  We  use  the  result  of  [4]  in  which 
coupled  mode  theory  is  used  to  estimate  the  reduction  in  the  reflectivity  per 
interface  due  to  the  grading.  (Note  this  is  different  from  applying  coupled 
mode  theory  to  the  whole  DBR,  which  assumes  the  exit  and  incident  media  are 
equal  to  the  average  index).  The  result  in  [4]  is  that  the  inverse  hyperbolic 
tangent  of  the  interface  reflectivity  is  reduced  by  a  factor  we  will  denote  as  y, 
which  is  the  ratio  of  the  coupling  constants  for  a  graded  profile  to  that  of  a 
square  wave.  The  same  reflectivity  can  also  be  produced  by  an  abrupt  interface 

with  a  higher  index  ratio,  peg  =  pr  As  noted  in  [4],  y  =  sin(/r  /  2)  /  {fx  /  2) , 
for  linear  grading,  /is  the  fraction  of  a  mirror  period  which  is  graded.  Thus  to 
account  for  the  effect  of  grading  on  L  n  we  simply  need  to  use  the  new  index 
ratio  pejf  instead  of  p.  If  the  first  interface  is  graded  also,  then  we  should 
modify  the  index  ratio,  q,  in  the  same  manner. 

Graded  interfaces  will  also  change  q,  which  relates  the  change  in  the  center 
mirror  frequency  to  the  change  in  the  angle  of  incidence.  This  change  is 
determined  from  the  requirement  that  the  phase  shift  (for  a  ray  traveling  off- 
axis)  across  a  mirror  period  equals  n  at  the  center  mirror  frequency.  Using 
these  requirements  and  following  the  approach  in  [5],  we 

obtain  £  =  jdfc-j—j ,  where  n(z)  is  the  longitudinal  index  profile  and  the 

integral  is  performed  over  one  mirror  period.  One  can  obtain  a  closed-form 
expression  in  the  case  of  linearly  graded  interfaces.  However,  if  we  consider  a 
typical  case  of  interfaces  graded  linearly  over  20nm  from  ntf=  3.52  to  ni= 2.95 
(at  A=lpm),  then  one  finds  the  change  in  £  is  only  0.1%.  For  the  same 
parameters,  and  n0=3.52,  the  change  in  Lt  is  3%,  an  order  of  magnitude  larger. 
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Confinement  Factor  vs.  V  number 


Figure  B-l:  Fraction  of  power  confined  within  the  core  of  a  uniform 
step-index,  circular  waveguide  along  with  a  fitting  function. 

Mode  Radius  vs.  V  number 

In  Chapter  4,  we  defined  the  mode  radius,  am,  for  the  fundamental  mode  by: 

am  =  \\dxcm1  IWifi.of  (B-23) 

For  a  Gaussian  mode,  am  is  the  radius  where  the  field2  drops  by  1/e2  from  the 
peak.  This  is  sometimes  more  useful  than  using  the  standard  deviation  which 
can  be  too  influenced  by  the  tails  of  a  distribution.  Such  a  radius  can  be 
computed  for  the  Bessel  function  modes  of  a  step-index  uniform  waveguide 
and  a  simple  fitting  formula  can  be  found  as  shown  below. 
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Figure  B-2:  Normalized  mode  radius  vs.  V  number  for  a  circular  step- 
index  longitudinally  uniform  waveguide 

Generalized  Optical  Efficiency 

Often  the  optical  efficiency  (stimulated  photons  out/stimulated  photons 
generated)  is  calculated  by  looking  at  the  transmission  through  the  output 
mirror  as  viewed,  from  the  cavity  and  having  some  estimate  for  internal  losses. 
But  it  is  possible  to  find  the  optical  efficiency  just  knowing  the  standing-wave 
field  for  the  entire  VCSEL  structure  without  having  to  separately  do 
calculations  for  the  mirrors.  This  method  is  not  as  intuitive,  but  it  is  handy 
when  one  has  the  whole  structure  in  a  transmission  matrix  program  and  already 
found  the  threshold.  (Or  if  someone  flashes  the  standing  wave  at  you,  you  can 
show  off.)  In  his  thesis[6],  Scott  Corzine  derives  the  condition  for  optical 
power  conservation  inside  the  VCSEL  cavity 

=  0  =  j(m.s)aW  (B-24) 

2  cavity  surface  bounding  cavity 
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where  fVroT  is  the  energy  density  in  the  cavity,  e,  is  the  imaginary  part  of  the 
dielectric  constant,  to  is  the  optical  frequency  (times  2n),  S  =  jRe^x  H* }  is 

the  Poynting  vector  and  n  is  the  surface  normal  vector.  In  steady  state,  the 
power  into  and  power  out  of  the  cavity  are  equal  so  dIFT0T/d/  =0.  For  clarity, 
these  terms  are: 


JOT.  ^  n  - 


=  0  =  Prxr  -  P 


ABS  POUTMIRROR\  ~  POUT MIRROR!  ~  P. SCATTER  (B-25) 


where 


OUTMIRRORX  = 


'OUTMIRROR2  ~ 


SCATTER 


PABS  =  ~~CO£0 


Ri  -  j(n«s)cL4, 

surface  of  mirrorl 

surface  of  mirror2 

j(n  •  s)t£4 

surface  excluding  mirrors 

coe0  \st\E\2dV 


region  where  ^<0 


pin=\mq  \ei\E\2dV 

~  region  where  e{  >0 

The  optical  efficiency  (out  of  mirrorl )  is  then  written  as 


rjopT  = 


_  ‘OLTMIRRORl 


(B-26) 


I'D  Cavity 

For  the  case  of  the  simpler,  one-dimensional  cavity, 

POUTMIRRORl  -  C£0 /2\POUt\  nOLT  (B-27) 

where  E0UT  is  the  field  at  the  output  medium,  and  w0UT  *s  die  real  part  of  the 
index  of  the  output  medium.  And 

pin  =^£oc  \g\p\2  (B-28) 

active  region 
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where  c  is  the  speed  of  light,  g  the  material  gain  (in  units  of  inverse  length)  of 
the  active  region  and  nG  is  the  real  part  of  the  index  of  the  active  region. 
Combining  the  expressions,  we  have 


7 opt  ~ 


nw  "^JwSw\Ew 


(B-29) 


wells 


where  /?w  is  the  real  part  of  the  index  of  the  quantum  wells,  /w  is  the  length 
(thickness)  of  the  wells,  gw  is  the  gain  of  a  quantum  well  (inverse  length)  and 
£w  is  the  field  in  the  wells.  Because  we  can  also  approximate  the  optical 


T 

efficiency  the  usual  way  as  r)OPT  =  jr—[ 


- ,  we  can  extract 

-^enhSw^W^W 


the  field  or  photon  density  in  the  quantum  wells  if  desired. 
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Appendix  C 
Layer  Specifications 


The  following  is  a  copy  of  the  MBE  programs  used  to  grow  the  1st  Null 
VCSELs  discussed  in  Chapter  6.  There  are  three  programs  which  are  used  in 
order.  They  could  have  been  combined  into  one  program  but  it  would  be  too 
large  for  the  old  HP  machine  we  use. 

How  to  read  the  MBE  program 

The  MBE  programming  language  is  relatively  straightforward.  Structures  are 
subroutines  as  in  most  programming  languages  and  are  called  by  name.  The 
first  line  executed  is  denoted  with  “!!!  BEGIN  HERE  .  The  !!!  are  used  for 
comments.  Aside  from  calls  to  structures  and  the  use  of  repeat  loops,  the  only 
other  commands  are  as  follows: 

COMMANDS  IMPORTANT  TO  SPECIFYING  EPITAXIAL  LAYERS: 

dope  be  (or  dope  si)  means  that  the  Be  shutter  will  be  open  during  all 

*  the  subsequent  layers  until  an  “end  dope  be” 

command  is  issued.  I  usually  set  the  doping 
level  just  before  by  calling  a  structure  like 
“p_2el8”  to  set  the  Be  cell  temperature 
corresponding  to  that  doping  level. 

end  dope  be  See  above 

1  ga  t=80  short  for  layer  ga  thickness=80 

opens  the  Ga  shutter  long  enough  for  80A  to  be 
grown  -  (see  growth  rate).  (The  As  shutter  is 
always  open  during  growth.) 
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The  AlGaAs  layers  are  grown  by  digital  alloy  with  a  period  <=20A.  So  when 

you  see 

repeat  10 

1  gat=12 
1  all  t=8 
end  repeat 

it  effectively  means  that  a  200A  layer  of  Al04Gao6As  is  grown. 

COMMANDS  ONLY  IMPORTANT  TO  GROWERS 

growth  rate  ga=2.83  specifies  that  when  the  Ga  shutter  is  open  for  1 

second  that  2.83A  will  be  grown.  This  number  is 
measured  by  the  grower  on  the  growth  day  and  is 
irrelevant  to  anyone  just  wanting  to  know  the 
epitaxial  structure.  Just  read  the  “thickness=..” 
lines. 

rotation  10  set  substrate  rotation  to  10  RPM  -  again  only 

relevant  to  the  grower 

valve  As2  350  changes  the  arsenic  value  position  -  I  usually 

state  what  flux  this  corresponds  to. 

close  closes  all  shutters  -  only  growers  need  to  worry 

about  this  command.  It  is  mostly  used  to  prevent 
commands  being  executed  before  they  should  be 
because  of  a  quirk  of  the  MBE  programming 
language 


Program  for  bottom  of  1st  Null  VCSEL 

M!  12.5  periods  of  bottom  of  the  structure 
!!!  and  1  lambda  of  the  GaAs  contact  layer 

structure  si_2e18 
close 

temperature  si=1250 
end  structure 

structure  si_3e18 
close 

temperature  si=1265 
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end  structure 

structure  si_5e18 
close 

temperature  si=1 300 
end  structure 


structure  binaries 

!!!  Iambda=990nm 
!!!  lambda/2.95/4  =  839A 
I  all  t=839 

!!!  lambda/3.52/4  =  703A 
I  ga  t=703 
end  structure 

structure  contact  !!!  grow  1  lambda 
si_3e18 
I  all  t=539 
dope  si 
I  all  t=250 
end  dope  si 


I  all  t=50 
I  ga  t=100 
dope  si 
I  ga  t=603 
I  ga  t=703 
I  ga  t=703 
si_2e18 
I  ga  t=703 

!!!  in  the  next  structure  -  still  need  to  grow  extra  landa/4  -  grade 
!!!  to  finish  mirror  period 
end  structure 


in 


START  HERE 


growth  rate  ga=2.732 
growth  rate  all  =2.864 

rotation  10 

I  ga  t=1000  !!!  buffer  layer 

temperature  si=800  !!!  warm  up  cell 
repeat  1 1 

binaries 
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si_2e18 

binaries 

!!!  total  12  ga  layers 
contact 

!!!  total  13  ga  layers 

close 
rotation  0 

temperature  substrate=200 


Program  for  middle  of  1st  Null  VCSEL 

structure  si_5e17 
close 

temperature  si=  1160 
end  structure 

structure  si_1  el 8 
close 

temperature  si=1200 
end  structure 

structure  si_5e18 
close 

temperature  si=1300 
end  structure 

structure  si_2e18 
close 

temperature  si=1230 
end  structure 

structure  be_2e18 
close 

temperature  be=880 
end  structure 

structure  be_1e18 
close 

temperature  be=855 
end  structure 


structure  be  5e17 
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close 

temperature  be=835 
end  structure 

structure  cool520  !!!  cool  substrate  to  520oC  on  pyrometer 
close 

temperature  substrate=650 
delay  1  minute 
temperature  substrate=620 
delay  1  minute 
temperature  substrate=600 
delay  2  minutes 
end  structure 

structure  warm600  !!!  warm  substrate  to  600oC  on  pyrometer 
close 

temperature  substrate=660 
delay  1  minute 
temperature  substrate=690 
delay  1  minute 
temperature  substrate=715 
delay  2  minutes 
end  structure 

structure  loAs  !!!  set  As  flux  to  9e-5  Torr  BEP 
close 

valve  as2=360 
end  structure 

structure  hiAs  M!  set  As  flux  to  1  .Oe-6  Torr  BEP 
close 

valve  as2=385 
end  structure 

structure  nup  !!!  linear  grade  over  160A  from  GaAs  to  AI0.9Ga0.1  As 
I  all  t=2 
I  gat=18 
I  all  t=4 
I  gat=16 
I  all  t=6 
I  gat=14 
I  all  t=8 
I  gat=12 
I  all  t=10 
I  gat=10 
I  all  t=12 
Iga  t=8 
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I  all  t=14 
I  ga  t=6 
tall  t=16 
I  gat=4 
end  structure 

structure  ndn  !!!  linear  grade  from  AI0.9Ga0.1  As  to  GaAs  over160A 
I  gat=4 
I  all  t=16 
I  ga  t=6 
I  all  t=14 
I  ga  t=8 
I  all  t=12 
I  ga  t=10 
I  all  t=10 
I  gat=12 
I  all  t=8 
I  gat=14 
I  all  t=6 
lgat=16 
I  all  t=4 
I  ga  t=18 
I  all  t=2 
end  structure 

structure  cavgrade  !!!  grade  over  120A  from  AI0.3  to  AI0.9 
I  ga  t=12 
I  all  t=8 
I  ga  t=10 
I  all  t=10 
I  ga  t=8 
I  all  t=12  . 

I  ga  t=6 
I  all  t=14 
I  ga  t=4 
I  all  t=16 
I  ga  t=2 
I  all  t=18 
end  structure 

structure  endcontact 
si_2e18 
dope  si 
I  ga  t=423 
si_5e18 
I  ga  t=200 
end  structure 
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structure  nper 
nup 

si_5e17 

!!!  lambda  =9900A 

!!!  lambda/4/3.00  -  160A  =  665A  =  505  +  150 

repeat  24  !!!480  here 
Iga  t=2 
I  all  t=18 
end  repeat 
lgat=1.5 
I  all  t=1 3.5 
I  ga  t=1 
I  all  t=9 
si_5e18 

repeat  8 

Iga  t=2 
I  all  t=18 
end  repeat 
ndn 

si_5e17 
delay  1  minute 

!!!  lambda/(4*3.52)  -160  =  543  =  393+150 
I  ga  t=393 
si_5e18 
I  ga  t=1 50 
end  structure 

structure  nlast 
nup 

si  5e17 

llfiambda/4/3. 00=825;  825  -  160/2  - 100/2  =  695 

repeat  26  !!!  520  here 
Iga  t=2 
I  all  t=18 
end  repeat 

repeat  3  !!!  45A  here 
I  ga  t=1.5 
tall  t=13.5 
end  repeat 
I  gat=1  !!!  10A  here 
I  all  t=9 
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repeat  6  !!!  120  A  here 
I  ga  t=2 
I  all  t=18 
end  repeat 
close 
si_5e18 
delay  1  minute 

!!!  grade  linearly  from  90%  to  30%  Al  over  100A 
I  ga  t=4 
I  all  t=16 
I  ga  t=6 
I  all  t=14 
I  ga  t=8 
I  all  t=12 
I  ga  t=10 
I  all  t=10 
I  ga  t=12 
I  all  t=8 
close 
end  structure 

!!!  length  of  spacer  region 

!!!  0. 5*(9900(wavelength)  -  3.52(600  =  thickness  of  active)  )/(3.33=index  of  30%AI) 
!!!  =1169.4 

!!!  n  side:  1169.4  -  100/2  (grading  thickness)  =  1119.4 
!!!  p  side:  1169.4  - 120/2  (grading  thickness)  =  1 109.4 

!!!  on  n-side  300+820  =  1120A  -  close  enough 
!!!  on  p-side  297.4  +  720  =  1017.4  (this  growth) 

!!!  +  92  A  (next  growth)  =  1 109.4 

structure  ispacer  !!!  300A 
repeat  15 
I  all  t=6 
lgat=14 
end  repeat 
end  structure 

structure  nspacer  !!!820A 
repeat  41 
I  all  t=6 
I  ga  t=14 
end  repeat 
end  structure 

!!!  savisg@us.ibm.com  -  microserfs 
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structure  ipspacer  !!!306A 
I  all  t=7.8 
I  ga  t=18.2 
repeat  14 
I  all  t=6 
I  gat=14 
end  repeat 
end  structure 

structu  re  active  ! ! !  600 A 
close 
I  ga  t=50 
loAs 
cool520 

I  ga  t=50 
close 

delay  5  seconds 
repeat  3 

I  in,ga  t=80 
close 

delay  5  seconds 
I  ga  t=80 
close 

delay  5  seconds 
end  repeat 

warm600 
hi  As 
I  ga  t=20 
end  structure 

structure  aperture 
I  all  t=100 

repeat  17  !!!  420Aof  AI0.9Ga0.1As 
I  ga  t=2 
I  all  t=18 
end  repeat 

be_5e17 
warm600 
repeat  4 

Iga  t=2 
I  all  t=18 
end  repeat 


!!!  1040Aof  AI0.7Ga0.3As 
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repeat  50 

I  ga  t=6 
I  all  t=14 
end  repeat 

be_2e18 

repeat  2 

I  ga  t=6 
I  all  t=14 
end  repeat 
end  structure 

!!! - * - * — ***  START  HERE 

growth  rate  ga=2.732 
growth  rate  in,ga=3.37 
growth  rate  all  =2. 864 

rotation  10 

endcontact 

!!!  total  13  ga  layers 

repeat  5 

nper 

end  repeat 

!!!  total  18  ga  layers 

close 

nlast 

nspacer 

close 

end  dope  si 
si_1  el  8 

temperature  be=400 

ispacer 

active 

ipspacer 

close 

be_2e18 

cool520 

cavgrade 

dope  be 

aperture 


close 
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end  dope  be 
rotation  0 

temperature  in=350 


Program  for  top  of  1st  Null  VCSEL 

!!!  PROGRAM  FOR  TOP  OF  FIRST  NULL  VCSEL 
!!!  doping 

structure  p_2e19 
close 

temperature  be=970 
end  structure 

structure  p_3e18 
close 

temperature  be=890 
end  structure 

structure  p_2e18 
close 

temperature  be=880 
end  structure 

structure  p_1e18 
close 

temperature  be=855 
end  structure 

structure  p_1_3e18 
close 

temperature  be=860 
end  structure 

structure  p_8e1 7 
close 

temperature  be=850 
end  structure 

structure  p_6e17 
close 

temperature  be=840 
end  structure 
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structure  p_3e17 
close 

temperature  be=820 
end  structure 

structure  si_7e17 
close 

temperature  si=1190 
end  structure 

structure  cool  !!!  lower  substrate  temperature  to  500  as  measured  by  pyrometer 
close 

temperature  substrate=650 
delay  1  minute 
temperature  substrate=600 
delay  1  minute 
temperature  substrate=570 
delay  2  minutes 

valve  as2=360  !!!  lower  As2  flux  to  9e-6  torr  BEP  for  colder  growth 

end  structure 

structure  firstgrade  !!!  grade  from  70%  to  0  over  120A 
I  all  t=12 
I  ga  t=8 
I  all  t=10 
I  ga  t=10 
I  all  t=8 
I  ga  t=12 
I  all  t=6 
I  ga  t=14 
I  all  t=4  . 

Igat=16 
I  all  t=2 
I  ga  t=18 
end  structure 

structure  grupl 

!!!  flat  over  135-64=71 A 

!!!  then  linear  grade  over  64A  (=  half  of  parabolic  grade)  from  GaAs  to 
!!!  AI0.9Ga0.1As 

I  ga  t=71 

!!!  linear  grade 
I  all  t=1.4 
I  ga  t=14.6 
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I  all  t=2.9 
I  ga  t=1 3. 1 
I  all  t=4.3 
I  ga  t=1 1 .7 
I  all  t=5.8 
I  ga  t=10.2 

end  structure 

structure  grup2  !!!  parabolic  grade  from  Al  0.5  to  0.9  over  135A 
I  all  t=7.5 
I  ga  t=7.5 
I  all  t=8.8 
I  ga  t=6.2 
tail  t=10 
I  ga  t=5 
I  all  t=11 
I  gat=4 
I  all  t=1 1.8 
I  ga  t=3.2 
I  all  t=12.5 
I  ga  t=2.5 
I  all  t=13.0 
I  ga  t=2.0 
I  all  t=13.3 
I  ga  t=1.7 
I  all  t=13.5 
I  ga  t=1.5 

end  structure 

structure  grdnl  !!!  parabolic  grade  from  AI0.9  to  AI0.5  over  135A 
I  ga  t=1.5 
I  all  t=13.5 
I  gat=1.7 
I  all  t=1 3.3 
Iga  t=2.0 
1  all  t=13.0 
I  ga  t=2.5 
I  all  t=12.5 
I  ga  t=3.2 
I  all  t=1 1 .8 
lgat=4 
I  all  t=11 
I  ga  t=5 
tail  t=10 
I  ga  t=6.2 
I  all  t=8.8 
I  ga  t=7.5 
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I  all  t=7.5 
end  structure 

structure  grdn2  !!!  total  thickness  135A 

•'^linear  grade  from  AI0.4  to  GaAs  over  64A 
!!!  then  71A  of  GaAs 

I  ga  t=10.2 
I  all  t=5.8 
I  ga  t=1 1.7 
I  all  t=4.3 
I  ga  t=13.1 
I  all  t=2.9 
I  ga  t=14.6 
I  all  t=1.4 

I  ga  t=71 
end  structure 

structure  pgrupA  !!!  grade  Al  composition  up,  use  higher  doping 
!!!  grade  is  over  270A 
close 

end  dope  be 
P_3e18 

!!!  fiat  +  linear  grade  to  0.4  Al  over  1 35A 

grupl 

close 

dope  be 

!!!  parabolic  grade  from  0.4  Al  to  0.9  Al  over  135A 
grup2 

p_2e18  !!!  dope  AIGaAs  higher  than  GaAs  due  to  lower  incorporation  of  Be 
close 
end  structure 

structure  pgrupB  !!!  grade  Al  composition  up,  use  lower  doping 
!!!  grade  is  over  270A 
close 

end  dope  be 
dope  si 
p_2e18 

•!!  flat  +  linear  grade  to  0.4  Al  over  135A 

grupl 

close 

end  dope  si 
dope  be 

••!  parabolic  grade  from  0.4  Al  to  0.9  Al  over  135A 
grup2 
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p  6e17  !!!  dope  AIGaAs  higher  than  GaAs  due  to  lower  incorporation  of  Be 
close 
end  structure 

structure  pgrdnA  !!!  grade  Al  composition  down,  use  higher  doping 
!!!  grade  is  over  270A 
p_3e18 

!!!  parabolic  grade  from  0.9  Al  to  0.4  Al  over  135A 

grdnl 

close 

end  dope  be 
p_1e18 

!!!  linear  +  flat  grade  to  0.4  Al  over  135A 
grdn2 
close 
dope  be 
end  structure 

structure  pgrdnB  !!!  grade  Al  composition  down,  use  lower  doping 
!!!  grade  is  over  270A 
p_2e18 

!!!  parabolic  grade  from  0.9  Al  to  0.4  Al  over  135A 

grdnl 

close 

end  dope  be 
p_3e17 

!!!  linear  +  flat  grade  to  0.4  Al  over  135A 
grdn2 
close 
dope  be 
end  structure 

!!!  design  for  990nm 

structure  lowqw 

!!!  AI0.9Ga0.1As 

!!!  555A  =  lambda/(4*3.00)  -  270A 

repeat  27  !!!  460A  +  80  A  here 
I  all  t=18 
Iga  t=2 
end  repeat 

!!!  15  A  here 
tail  t=13.5 
1  ga  t=1 .5 
end  structure 
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structure  hiqw 

!!!  433A  =  lambda/4/3.52  -  270A 
I  ga  t=433 
end  structure 

structure  topper  !!!  upper  mirror  periods 
repeat  25 

hiqw 
pgrupA 
lowqw 
pgrdnA 
end  repeat 
end  structure 


structure  botper  lllbottom  mirror  periods 
repeat  5 

hiqw 
pgrupB 
lowqw 
pgrdnB 
end  repeat 
end  structure 


!!! 


BEGIN  HERE 


growth  rate  ga=2.732 
growth  rate  all  =2.864 

rotation  10 

dope  be 

firstgrade  !!!  over  120A 

P_3e17 

si_7e17 

end  dope  be 

close'75  !!!  27°A  ’ 135A *  120/2  =  75A  extra  Ga to  fin'sh  distance 

dope  be 

botper 

close 

temperature  si=50  !!!  idle  si  cell 
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cool 

topper 

p_3e18 

hiqw 

p_2e19 

I  ga  t=1 35  !!!  other  half  of  grade 
I  ga  t=455  !!!  phase  match  layer  to  gold 

close 

end  dope  be 

!!!  IDLE  EVERYTHING 
temperature  substrate=200 
rotation  0 

temperature  be=50 
temperature  ga=200 
temperature  all  =1000 
delay  15  minutes 

valve  as2=0  !!!  shut  off  As  -  we  are  done  -  yippie 
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